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Zusammenfassung
Gruppe III-Nitrid Nanodrähte und Nanodrahtheterostrukturen wurden mittels plasmaun-
terstützter Molekularstrahlepitaxie hergestellt. Rasterelektronen- und Transmissionselek-
tronenmikroskopie sowie Röntgendiﬀraktometrie dienten zur strukturellen Charakterisierung
der Proben. Die optischen Eigenschaften der Nanodrahtstrukturen wurden mit Hilfe von
Photolumineszenzspektroskopieverfahren (Dauertstrich und zeitaufgelöst) untersucht.
Sofern nicht auf GaN als Material beschränkt, wurden alle untersuchten Nanodrahthetero-
strukturen (AlN/GaN Übergitter sowie InxGa1−xN/GaN Heterostrukturen) auf GaN Nan-
odrahttemplaten hergestellt. Für letztere wurden zwei unterschiedliche Wachstumsmodi
verwendet. Zum Einen das etablierte selbstassemblierte Wachstum auf Si(111) sowie das
während dieser Arbeit entwickelte positionskontrollierte Wachstum von GaN Nanodrähten
auf Si(111) mittels einer Ti(N) Nanolochmaske.
Das selbstassemblierte Wachstum auf Si(111) ist der Standardprozess zur Herstellung von
GaN Nanodrähten durch Molekularstrahlepitaxie. Bisherige Arbeiten beschränkten sich
vornehmlich auf die Analyse des Einﬂusses der Substrattemperatur und des Metallﬂusses
auf das Wachstum und die Eigenschaften von GaN Nanodrähten. Für das Wachstum ist je-
doch das Aufspalten/Anregen von molekularem Stickstoﬀ von Nöten, um zur GaN-Bildung
beitragen zu können. Dies geschieht im verwendeten Aufbau durch eine Radiofrequenz-
Plasmaentladung. Der Einﬂuss der dazu verwendeten Parameter (Stickstoﬀﬂuss und eingekop-
pelte Leistung) auf das Wachstum und die optischen Eigenschaften der GaN Nanodrähte
wurde in dieser Arbeit untersucht. Es wurde gezeigt, dass eine erhöhte eingekoppelte
Leistung zu dem vermehrten Einbau von Punktdefekten, vermeintlich Stickstoeerstellen,
führt. Bei einer Erhöhung des Stickstoﬀﬂusses wurde ein Anstieg der Dichte oberﬂächen-
naher Ga-Leerstellen beobachtet.
Die n-Typ Dotierung von GaNmittels Germanium erlaubt das Erreichen sehr hoher Konzen-
trationen (≈ 1020 cm−3) freier Ladungsträger. Dies wurde ausgenutzt, um die starken in-
ternen elektrischen Felder (MV/cm-Bereich) in polaren GaN Nanodisks (ähnlich den 2D
Quantentrögen) elektrostatisch abzuschirmen. Die Nanodisks wurden zwischen AlN Bar-
rieren hergestellt. Das Lumineszenzsignal der GaN Nanodisks wurde durch die Abschir-
mung der internen elektrischen Felder zu höheren Energien verschoben. Zeitaufgelöster
Photolumineszenzspektroskopie an den Ge-dotierten GaN Nanodisks zeigte außerdem eine
signiﬁkante Erhöhung des Überlapps der Wellenfunktionen von Elektronen und Löchern
mit steigender Dotierkonzentration. Eine hohe Oszillatorsträrke ist essenziell für die Kon-
struktion eﬃzienter opto-elektronischer Bauelemente.
Durch einen komplementären Ansatz, basierend auf undotierten AlN/GaN Nanodisküber-
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gittern, konnte ebenfalls eine Abschirmung der internen elektrischen Felder erreicht werden.
Dazu wurde die Höhe der AlN Barriere bis auf 1 nm verringert, sodass die gegensätzlich
geladenen Grenzﬂächen zu den benachbarten Nanodisks näher zusammenrückten. Das Re-
sultat ist eine Abschwächung (Verstärkung) der elektrischen Felder in den aktiven GaN
Nanodisks (AlN Barrieren). Eine Blauverschiebung des Lumineszenzsignals sowie eine Re-
duzierung der Ladungsträgerlebensdauern konnte analog zu den Ge-dotierten GaN Nan-
odisks gezeigt werden.
Der Einﬂuss des Stickstoﬀﬂusses und der in das Plasma eingekoppelten Leistung auf das
Wachstum und die Eigenschaften von InxGa1−xN/GaN Nanodrähten wurde ebenfalls analy-
siert. Ein inhomogener Einbau von In konnte mittels Röntgendiﬀraktometrie und Transmis-
sionselektronenmikroskopie gezeigt werden. Die beobachteten Lumineszenzsignale stam-
men aus indiumreichen Bereichen in den Nanodrähten. Ein zunehmender Partialdruck
des angebotenen Stickstoﬀs führte zu einem erhöhten lokalen In-Einbau. Bei einer Er-
höung der eingekoppelten Leistung wurde kein Einﬂuss auf den In-Gehalt beobachtet.
Jedoch wurde ein deutlicher Einluss auf die optischen Eigenschaften beobachtet. Eine
höhere eingekoppelte Leistung während des Wachstumsprozesses der Nanodrähte führte zu
einer Abnahme der Lumineszenzintensität. Letzteres wurde auf eine erhöhte Dichte nicht-
strahlender Rekombinationpfade durch die Bildung von Stickstoeerstellen zurückgeführt.
Des Weiteren wurden 10x InxGa1−xN/GaN Nanodiskübergitter synthetisiert. Ein Ladungs-
trägereinschluss ähnlich dem von 2D Quantentrögen wurde durch eine Blauverschiebung der
zugehörigen Lumineszenz mit kleiner werdender Nanodiskhöhe nachgewiesen. Übersteigt
die Nanodisk eine Höhe von 4 nm, kommt es zur Konkurrenz zwischen der Ladungsträgerlo-
kalisierung an Bereichen lokal hoher In-Konzentration und der Besetzung der quantisierten
Nanodiskzustände.
Das positionskontrollierte Wachstum von GaN Nanodrähten auf Ti(N) Masken mit einem
Lochdurchmesser von 70 nm wurde entwickelt und optimiert. Es konnte eine vollständige
Selektivität des Wachstumsprozesses für Lochabstände bis 10µm gezeigt werden. Letzteres
macht die Untersuchung einzelner stehender Nanodrähte mittels Mikro-Photolumineszenz-
spektroskopie möglich. Des Weiteren wurde ein Prozess für das selektive Wachstum von
InxGa1−xN auf positionskontrolliert gewachsenen GaN Nanodrahttemplaten entwickelt.
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TES two electron sattelite
TR time-resolved
UHV ultra-high vacuum
UV ultraviolet
VB valence band
VGa gallium vacancy
VN nitrogen vacancy
VLS vapour-liquid-solid
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1 Introduction
Self-assembeled growth of group III-nitride nanowires (NWs) by molecular beam epi-
taxy (MBE) was introduced by Yoshizawa et al. [1] and Calle et al. [2] in 1997. The
NW geometry allows for eﬃcient strain relaxation at the lateral surfaces [3] which leads
to the growth of strain-free single crystals with a low density of structural defects [46].
Additionally, the MBE growth technique enables the precise control of the layer thickness
in the sub-nanometer range. This enables the integration of axially grown nanodiscs (NDs)
in nanowire heterostructures (NWHs) [79], similar to the growth of quantum well (QW)
and quantum dot (QD) structures in layer systems using, exempli gratia, group III-nitride
alloys with diﬀerent band gaps. These heterostructures are, however, signiﬁcantly strained
due to the pseudomorphic growth mechanism which aﬀects carrier-conﬁnement [911]. In
the case of the group III-nitrides, the optical properties of these NWHs are also aﬀected
by strong internal electric ﬁelds [12, 13]. The latter are in the MV/cm range and aﬀect
the optical properties due to a reduction of the electron-hole wavefunction overlap as a
result of the quantum-conﬁned Stark eﬀect (QCSE). Consequently, screening or reduction
of these electric ﬁelds is mandatory to improve the eﬃciency of (nano)-opto-electronic de-
vices such as NW light emitting diodes (LEDs) [14] as well as intersubband devices for
telecommunication applications [15].
A large conduction band (CB) oﬀset up to 1.8 eV [16,17] in AlxGa1−xN/GaN heterostruc-
tures renders this material composition suitable for the latter application. Due to the
tunability of the band gap from the ultraviolet (UV) (3.4 eV GaN [18]) to the infrared (IR)
(0.7 eV, InN [19]), InxGa1−xN is a promising candidate for the realization of opto-electronic
devices operating in the visible spectral range. Fabrication of LEDs in the visible spectral
range is the most prominent example for InxGa1−xN based devices since the introduction
of the blue light-emitting diodes [2022]. The work by Isamu Akasaki, Hiroshi Amano and
Shuji Nakamura on this topic has recently been awarded with the Nobel Prize in Physics
2014 "[...] for the invention of eﬃcient blue light-emitting diodes which has enabled bright
and energy-saving white light sources"1. However, the additional exploitation of the large
surface-area-to-volume ratio of InxGa1−xN/GaN NWHs extends the ﬁeld of possible ap-
plications. Optical detection of pH changes [23] in electrolytes and the sensitvity of the
photoluminescence (PL) intensity to various gas species [24, 25] were demonstrated using
InxGa1−xN/GaN NWHs. However, the growth of high quality InxGa1−xN NWs is challeng-
ing due to the low InN decomposition temperature of 565 ◦C [26] and strong ﬂuctuations of
1https://www.nobelprize.org/nobel_prizes/physics/laureates/2014/ (last visited on Jan. 30th,
2017).
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the In content due to spinodal decomposition of the grown material at the applied growth
conditions [27].
Control of the NW density and the suppression of the coalescence of neighbouring NWs
is desirable to increase reproducibility of the grown samples and to meet required speci-
ﬁcations. Though, self-assembled growth leads to thin NWs with a diameter < 100nm,
coalescence of neighbouring NWs introduces structural defects as well as an inhomogeneous
diameter distribution. The position-controlled growth (PCG) of GaN NWs by plasma-
assisted molecular beam epitaxy (PAMBE) was developed recently [2834] and allows to
deﬁne the density and diameter of the NWs by using a nanohole growth mask. The re-
ported diameters of these selectively grown NWs, however, are well above 100 nm due to
the relatively large openings of the used nanohole masks.
This work is dedicated to ﬁll gaps in the knowledge about the self-assembled growth of GaN
NWs and group III-nitride NWHs by PAMBE. Additionally, a PCG process that allows
the fabrication of GaN NW templates with a diameter ≤ 100nm is introduced. Both
growth techniques are used to fabricate GaN NW templates for the subsqeuent overgrowth
with group III-nitride NWHs. The manipulation of the internal electric ﬁelds in AlN/GaN
nanodisc superlattices (NDSLs) was studied by following two complementary approaches.
Free carrier screening was investigated in Ge doped GaN NDs while the recently proposed
Internal Field Guarded Active Region Design (IFGARD) [35] was applied to nominally
undoped GaN NDs embedded in AlN barriers. The inﬂuence of the atom source operating
parameters on the structural and optical properties of GaN NWs and InxGa1−xN/GaN
NWHs was studied in depth. In the case of InxGa1−xN, the gathered information was
transferred to the growth of InxGa1−xN/GaN NDSLs. Additionally, a PCG process for the
selective growth of InxGa1−xN/GaN NWHs was developed.
2
2 Fundamentals of the group III-nitride crystal system
The NWs fabricated in the scope of this work consist of the group III-nitrides AlN, GaN
and InN as well as their ternary alloys. Basic properties of the material system and their
consequences for NWHs are discussed in this chapter.
Crystal structure and band gap
The group III-nitrides AlN, GaN and InN are a subgroup of the group III-V compound
semiconductors and can be synthesized in a hexagonal (wurtzite in ﬁgure 2.1) or a cubic
(zincblende ﬁgure 2.1) crystal structure, depending on the growth conditions. Cubic inclu-
a
c
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c-plane
m-planea-plane
(111)-plane
_ _
wurtzite zincblende
Ga
N
Figure 2.1: Illustrations of the wurtzite and zincblende crystal structure.
sions are a common intrinsic defect in hexagonal group III-nitrides because the two phases
(wurtzite and zincblende) only diﬀer in their respective stacking sequence. A wurtzite
crystal exhibits an A-B stacking sequence, while zincblende features an A-B-C stacking
(ﬁgure 2.2). Of those two crystal structures, wurtzite is the thermodynamically stable
one [36]. Zincblende inclusions in a wurtzite crystal are, therefore, called basal plane stack-
ing faults (BSFs). Within GaN NWs grown on Si substrates, stacking faults are typically
observed at the NW/substrate interface [37]. Several monolayers of zincblende GaN that
are encapsulated by a hexagonal GaN matrix can introduce regions of carrier conﬁnement
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Figure 2.2: Illustrations of the wurtzite and zincblende stacking sequences.
which was demonstrated by Jacopin et al. [38].
The suitability of group III-nitrides for opto-electronic applications is due to their direct
band gap. With the latter, the spectral range from the UV to the IR is covered. Band
gaps and lattice parameters of the three binaries (AlN, GaN and InN) are listed in table
2.1. The u parameter represents the anion-cation bond length along the (0001)-direction
Material Egap [eV] c [Å] a [Å] u
GaN 3, 438 5, 185 3, 189 0.376
AlN 6, 158 4, 982 3, 112 0.380
InN 0, 756 5, 703 3, 545 0.377
Table 2.1: Band gaps and lattice parameters of AlN, GaN and InN at 300K [18]. The u
parameter (300 K) is listed according to Ref. [36].
divided by the c parameter. Growth of ternary compounds such as AlxGa1−xN, AlxIn1−xN
and InxGa1−xN allows for band gap and lattice parameter engineering within the limits
of the values of the binary materials. However, while the lattice parameters are typically
linearly interpolated according to Vegard's law [39], the composition dependence of the
band gap is described by the non-linear relationship in equation 2.1.
EAxB1−xNgap = x · EANgap + (1− x) · EBNgap − b · x(1− x) (2.1)
4
The bowing parameter b describes the deviation from a linear interpolation between the
binary alloys A and B. In this work, the bowing parameters suggested by Vurgaftman and
Meyer [18] were used (table 2.2). Graphical representations of equation 2.1 are given in
ﬁgure 2.3 for the wurtzite and zincblende phases.
Material b [eV]
AlxGa1−xN 0,7
InxGa1−xN 1,4
Table 2.2: Bowing parameters suggested by Vurgaftman and Meyer [18].
Figure 2.3: Dependence of the band gaps of hexagonal and cubic group III-nitrides on the
a lattice parameter. Reprinted from [I. Vurgaftman and J. R. Meyer, J. Appl. Phys., Vol.
94, No. 6, 15 September 2003], with the permission of AIP Publishing.
Polarization and heterostructures
Hexagonal group III-nitrides exhibit a permanent dipole moment in <0001>-direction.
This spontaneous polarization of the crystal is due to the deviation of the u parame-
ter from the ideal value of 0.375 in a wurtzite crystal [40]. Along the <0001>-axis, the
5
2 Fundamentals of the group III-nitride crystal system
wurtzite crystal consists of two closely stacked hexagonal sublattices. This results in the
formation of bilayers, each consisting of one layer of metal atoms and one layer of N atoms
(exempli gratia bilayer A in ﬁgure 2.2). Hence, it is possible to distinguish between two
diﬀerent crystal polarities, depending on whether anions (N-face) or cations (Al-, Ga- or
In-face) are on top of these bilayers. By deﬁnition, the positive [0001] direction is cation
faced. The GaN NWs presented in this work grew along the [0001¯] direction [41, 42]. If
[1010]
_
[0
00
1]_
[0
00
1]
Ga-face N-face
Ga
N Ga
N
Figure 2.4: Schematics of a Ga and a nitrogen polar GaN crystal.
strained, additional piezoelectric polarization of the crystal occurs, which is superimposed
to the spontaneous polarization either enhancing or attenuating the latter. Piezoelectric
polarization due to tensile strain increases the resulting polarization and compressive strain
consequently reduces the latter.
The polarity of the crystal plays a major role for <0001>-oriented group III-nitride het-
erostructures like the AlxGa1−xN/GaN and InxGa1−xN/GaN NWHs discussed in chapters
5 and 6, respectively. Regions of carrier conﬁnement are introduced to semiconductor het-
erostructures to improve thermal stability and to manipulate the energies of their optical
transitions. In layer systems, such structures are represented by QWs or QDs, whereas
carrier conﬁnement in NWs is achieved by the insertion of NDs. As an exemple, a high
angle annular dark ﬁeld (HAADF) TEM image of a 40-fold AlN/GaN NDSL is shown in
ﬁgure 2.5. These NDs exhibit a type I stacking which is schematically shown in ﬁgure 2.6a)
for two non-polar semiconductors A and B. Conﬁnement of electrons and holes is achieved
in the material with the smaller band gap and the electron and hole probability functions
are located in the center of the QW in material B. The band structure is signiﬁcantly
altered when the polarization induced internal electric ﬁelds of the group III-nitrides are
6
40x AlN/GaN NDSL
GaN NW base
[0001]
_
50 nm
Figure 2.5: HAADF TEM image of an 40-fold AlN/GaN NDSL. The GaN base and NDs
appear in bright contrast, whereas the AlN barriers are represented by darker areas in-
between the NDs.
considered. Figure 2.6b) schematically shows the inﬂuence of internal electric ﬁelds on the
electron and hole probability density functions and the optical transition energies, using the
example of an AlN/GaN heterostructures. Conduction and valence band edges are marked
with ECB and EVB, respectively. A sketch of the layer sequence is drawn in ﬁgure 2.6c).
Due to the diﬀerence in lattice parameters, the AlN barriers are under tensile lateral strain
and the GaN QW or ND is laterally compressed. The resulting piezoelectric polarization
(PPE) points in the [0001¯]-direction, as does the spontaneous polarization (PSP), within
the AlN and in [0001]-direction in the GaN. The superposition of PSP and PPE yields the
total polarization of the crystal.
P = PSP + PPE (2.2)
Quantitatively, PPE,z can be calculated with knowledge of the elastic and piezoelectric
constants C13, C33, e31 and e33 and the in-plane strain 11 = a−a0/a0 according to equation
2.3 [36, 43].
PPE,z = 211
(
e31 − e33C13
C33
)
(2.3)
Table 2.3 summarizes the values of PSP , e13, e33, C31 and C33 for the three binaries AlN,
GaN and InN. A bound interface charge density is introduced according to equation 2.4
when a gradient of polarization occurs, exempli gratia, between the AlN barriers and GaN
7
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+σP -σP
[0001]-direction̄
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PPE
PSP
PPE
PSP
PPE
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ECB
EVB
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EVB
Egap,eff
Egap
Egap
AlN GaN AlN
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a) b)
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Figure 2.6: a) Schematic of a type I stacking sequence of two non-polar semiconductors
A and B. Electron and hole probability density functions are sketched in blue and red,
respectively. A schematic of a GaN QW or ND embedded in AlN barriers is shown in b).
The layer system of b) is schematically shown in c) where the direction of the spontaneous
(PSP) and piezoelectric polarization (PPE) are indicated by arrows.
NDs or at the NW surface.
ρ(r) = −∇P (r) (2.4)
These ﬁxed interface charges (+σp and −σp in ﬁgure 2.6) give rise to an electric ﬁeld Eel.
This electric ﬁeld aﬀects the potential according to the Poisson equation (equation 2.5)
which results in the tilted bands depicted in ﬁgure 2.6b).
∆Φ = −ρ(r)

= −∇Eel(r) (2.5)
Hence, transition energies are red shifted due to the reduction of the intrinsic band gap
Egap to an eﬀective band gap Egap,eﬀ. Further, the internal electric ﬁeld separates electrons
and holes and reduces their wavefunction overlap. In PL experiments, the latter results
in a decrease of the luminescence intensity and an increase of the carrier lifetimes. This
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Material PSP [C m−2] e31 [C m−2] e33 [C m−2] C13 [GPa] C33 [GPa]
AlN -0,090 -0.6 1.46 108 373
GaN -0,034 -0.49 0.73 106 398
InN -0,042 -0.57 0.97 92 224
Table 2.3: Spontaneous polarization PSP [18], piezolectric constants eij [44] and elastic
constants Cij [18] of AlN, GaN and InN.
phenomenon is called the QCSE, in analogy to the Stark eﬀect in atomic physics.
One major aspect of this work is to study the inﬂuence of the QCSE on the optical prop-
erties of AlN/GaN NDSLs and the eﬀect doping of the NDs or the sophisticated design of
not-intentionally doped (n.i.d.) samples have on the internal electric ﬁelds. An elaborate
investigation is presented in chapter 5.
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In this chapter, an overview on the applied experimental characterization techniques and
the MBE growth of NWs is given.
3.1 Plasma-assisted molecular beam epitaxy
A RIBER Compact 12 PAMBE system was used for the fabrication of all investigated
samples. The 3D schematic of the growth chamber is shown in ﬁgure 3.1. All relevant
Kryopumpeturbomolecular pump
heater (grey)
sample holder (red)
plasma cell
LN2 in/out
cooling shield
RHEED
connection to
transfer chamber
System
pyrometer
Figure 3.1: Schematic of the RIBER Compact 12 growth chamber. All relevant components
are labeled.
components in ﬁgure 3.1 are labeled and will be introduced in the following. The chamber
is pumped to ultra-high vacuum (UHV) (10−10mbar to 10−11mbar) by a HiPace 800 M
turbo molecular pump (Pfeiﬀer Vacuum). Bayard-Alpert gauges are used to measure the
background pressure as well as the beam equivalent pressure (BEP ) (beam ﬂux gauge
in ﬁgure 3.1). The latter is used to calibrate the material ﬂuxes (Al, Ga, In and Ge) at
the substrate position. A more detailed discussion of the BEP is given in section 3.1.1.
While Ga is supplied by a double ﬁlament eﬀusion cell, all other materials are evaporated
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in single ﬁlament eﬀusion cells. The growth chamber is also equipped with a cooling
shield ﬁlled with liquid nitrogen to thermally decouple the eﬀusion cells and to reduce the
background pressure. A HD25 radio frequency (RF) atom source from Oxford Applied
Research is used to activate/crack the nitrogen that is needed for the growth of group
III-nitrides. Section 4.4.1 gives an in depth analysis of the particular atom source used
in the present experiments. The eﬀusion cells are equipped with pneumatic shutters to
selectively supply diﬀerent materials. The temperatures of the cells as well as the substrate
are regulated by Eurotherm 3216 PID controllers. A tantalum heater ﬁlament encapsulated
in pyrolytic boron nitride is used to heat the substrates by thermal radiation. The substrate
temperature is measured through a quartz glass viewport using a pyrometer located in line
of sight beneath the substrate. For this purpose, a SensoTherm Metis MI 16 pyrometer
operating at a wavelength of 1.6µm is used. During growth, up to four 1×1 cm2 substrates
can be placed in a tantalum substrate holder which is rotated during the growth process.
In-situ characterization of the sample surface is carried out with a reﬂection high energy
electron diﬀraction (RHEED) system from Staib Instruments, using an acceleration voltage
of 15.5 kV at a ﬁlament current of 1.55A. The electrons are directed onto the sample surface
at a small angle and a ﬂuorescence screen is used to visualize the diﬀraction pattern of the
reﬂected electrons. While this is a versatile technique to study the growth of smooth 2D
layers in detail, the application for the 3D growth of GaN NWs is limited. However, the
time needed for NW nucleation is accessible by RHEED and can be used to compare the
growth conditions of consecutive growth runs. It gives a rough estimation whether or not
the applied growth conditions changed compared to previous growth experiments.
3.1.1 Flux and beam equivalent pressure
During his experiments with mercury [45, 46], Martin Knudsen described its evaporation
behaviour. An eﬀusion cell that exhibits the same basic evaporation dynamics is therefore
called a Knudsen cell. In contrast to the eﬀusion cells used here, such a Knudsen cell has
an aperture plate of negligible thickness and a small opening area A. The material ﬂux
(atoms/s) coming out of this type of eﬀusion cell is given by equation 3.1 [47].
Γ = A(peq − pbg) ·
√
Na
2piMkBT
(3.1)
Besides the vapor pressure peq (in Torr) of the material to be evaporated at the cell tem-
perature T , its background partial pressure inside the chamber pbg has to be considered.
The latter can be neglected in an UHV environment. Further, Avogadro's number Na as
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well as the Boltzmann factor kB and the molecular mass M of the evaporated material
contribute to equation 3.1. The mean free path of the atoms leaving the eﬀusion cell has to
be at least ten times larger than the diameter of the aperture opening for equation 3.1 to be
valid. The mean free path of Ga atoms at a cell temperature of 950 ◦C and p = 10−5mbar
(dGa = 249pm [48]) can be estimated to 61m using equation 3.2 [49].
λ =
kBT√
2pid2p
(3.2)
Therefore, at the applied growth conditions (pN2 ≈ 10−5mbar) the large mean free path of
the atoms yields a ballistic transport of the evaporated material to the substrate surface.
Equation 3.1 requires knowledge of the actual temperature of the evaporated material as
well as the vapor pressure inside the eﬀusion cell. However, both is not reliably accessible in
a MBE setup. The earlier mentioned BEP is therefore used as a measure for the material
ﬂuxes at a given cell temperature. It is determined by putting the beam ﬂux gauge (cf.
section 3.1) in the position of the substrate and measuring the pressure produced by an
individual eﬀusion cell. As an example, the calibration curve of the Ga cell is given in
ﬁgure 3.2. The BEP follows the Arrhenius equation BEP ∝ exp (EA/kb T ) with a thermal
0 . 8 0 0 . 8 2 0 . 8 4 0 . 8 6 0 . 8 8
1 0 - 7
2 x 1 0 - 7
3 x 1 0 - 7
4 x 1 0 - 7
5 x 1 0 - 7  m e a s u r e m e n t f i t
BEP
Ga [m
bar
]
1 0 0 0 / T  [ K - 1 ]
E A  =  2 . 4  e V
Figure 3.2: Example of a calibration of the Ga eﬀusion cell. Blue symbols represent mea-
surements and the red line is an exponential ﬁt to the data.
activation energy of 2.4 eV extracted from an exponential ﬁt to the data points which only
diﬀers slightly from the expected enthalpy of vaporization of Ga (2.65 eV [50]). Frequent
calibrations of the eﬀusion cells are necessary to ensure reproducible growth conditions as
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the cell characteristics change over time. Exemplary calibrations for all eﬀusion cells used
can be found in appendix A.1.
3.2 Atomic force microscopy
An SmartSPM 1000 from AIST-NT was used to determine the surface roughness of the
Si(111) substrates and the TiN layers used for the PCG of GaN NWs discussed in chapter
7. The atomic force microscopy (AFM) was operated in tapping mode, were the cantilever
is driven to oscillate and the distance between cantilever and sample is adjusted to keep
the oscillation amplitude constant yielding the topography of the sample.
3.3 Electron microscopy
In the following, scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) techniques that were used to characterize the NW samples will be described. In
addition, the SEM setup was used to transfer nanohole patterns to Ti thin ﬁlms by electron
beam lithography (EBL) for the PCG of GaN NWs on Si(111) (cf. chapter 7).
3.3.1 Scanning electron microscopy and electron beam lithography
A JEOL JSM-7001F equipped with a secondary electron detector was used to characterize
the NW morphology (diameter, density and length). The standard operating parameters
were an acceleration voltage of 15 kV and an emission current of 50µA. Since the NWs as
well as the Si(111) substrates were conductive, no special sample preparation was necessary
before SEM characterization. Some samples were cleaved to obtain side view images of the
NWs.
The SEM is equipped with a XENOS XeDraw2 upgrade which enables sample patterning
by writing the desired structure with the electron beam into an electron sensitive resist.
In the present case, the negative resist ma-N 2401 and the developer ma-D 331 from
microresist technology were used. Details on the nanohole mask processing for the PCG of
GaN NWs can be found in appendix A.2.
3.3.2 Transmission electron microscopy
Due to the small diameter of the group III-nitride NWs investigated in this work, the
preparation for TEM analysis is simpliﬁed. The NWs were dispersed onto a TEM grid that
consists of a thin carbon ﬁlm ﬁxed by a copper grid. With TEM, the NWs can be analyzed
down to atomic resolution. Therefore, TEM is not only an excellent tool for the analysis of
the geometry of NDs but even allows the direct determination of the crystal polarity [41].
A TEM can be operated in diﬀraction or imaging mode. In the former, the diﬀraction
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pattern of the transmitted electron beam is analyzed, yielding information on the crystal
structure of the analyzed sample. In imaging mode, the transmitted electrons are focused
by an electron optic to generate the image of the investigated structure. Diﬀerent imaging
modes are available in scanning transmission electron microscopy (STEM), namely bright
ﬁeld (BF) and dark ﬁeld (DF) imaging. Typically, the detectors are circularly shaped and
the imaging modes are accordingly referred to as annular bright ﬁeld (ABF) and high angle
annular dark ﬁeld (HAADF). The respective detectors are mounted on the optical axis of
the microscope (cf. ﬁgure 3.3). Transmitted electrons are collected under a high angle on
sample
electron
beam
HAADF detector
ABF detector
Figure 3.3: Schematic of a STEM which is equipped with an ABF and a HAADF detector.
a ringlike detector during HAADF imaging. These electrons are elastically scattered due
to interaction with phonons which allows for high Z-contrast (intensity ∝Z2) in HAADF
mode and gives excellent information about the chemical composition of the NWs [51].
Therefore, HAADF imaging was used to analyze the structural properties of the AlN/GaN
NWHs (InxGa1−xN/GaN NWHs) presented in chapter 5 (chapter 6). In the case of the
InxGa1−xN/GaN NWHs, HAADF intensities were compared to calculations, based on the
model of Rosenauer and Schowalter [52], to retrieve information about the In content in
the InxGa1−xN section of the NWs1. However, HAADF is not suitable to resolve lighter
atoms such as the nitrogen in vicinity of heavier atoms like the metal atoms in the group
III-nitrides [53]. For this purpose, ABF STEM imaging is used which enables to determine
the crystal polarity of group III-nitride NWs directly by resolving the metal-nitrogen bi-
layers of the crystal [41]. In ABF, the image is the result of the wave interference of the
elastically scattered electrons with a negligible contribution from thermal diﬀuse scattering
1TEM analysis of the InxGa1−xN/GaN NWHs and intensity calculations were performed by Katharina
Gries in the group of Prof. Kerstin Volz at the Faculty of Physics and Materials Science Center of the
Philipps-Universität Marburg.
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by phonons. A STEM can also be equipped with a detector for energy dispersive X-Ray
spectroscopy (EDX) measurements. In addition to qualitative information about the incor-
porated elements, EDX also allows the determination of absolute element concentrations.
This was exploited to extract the Ge concentration from highly doped GaN:Ge NWs [54]
and to determine the In distribution in InxGa1−xN/GaN NWHs. A Philips EM30 TEM
was used for the non-holographic TEM analysis of the InxGa1−xN/GaN NDSLs presented
in chapter 6, section 6.2.
3.4 Photoluminescence spectroscopy
Photoluminescence spectroscopy techniques allow to study the optical properties of semi-
conductors, for example revealing information about impurities, structural defects, exci-
tonic states and details on the electronic band structure. A laser with a photon energy
larger than the material band gap is used for excitation. Electron-hole pairs are gener-
ated in the semiconductor upon excitation and thermalize to the lowest available energetic
states. After thermalization, the carriers either recombine radiatively, contributing to the
PL signal, or non-radiatively. In the former case, the energy of the emitted light depends
on the recombination path of the carriers, some of which are schematically shown in ﬁgure
3.4. One possibility is the direct recombination of electrons and holes (e, h) after thermal-
ization. If the electron is trapped by the potential of a donor and the hole by that of an
acceptor, DAP transitions are observed. Also, the carriers can be electrostatically bound
to form an exciton with a binding energy Ebind. The recombination of a free exciton (FX)
is detected at E = Egap − Ebind. Excitons can also be trapped by the donor and acceptor
potentials which further reduces the transition energy by the localization energy of the exci-
ton Eloc. Cryogenic temperatures have to be used in PL experiments to observe excitons in
GaN, due to their small exciton binding energy of 21meV. Hence, most of the experiments
were conducted in the temperature range of 4K to 10K. Three diﬀerent setups (Setup A,
Setup B and Setup C ) were used for continous-wave (CW) PL experiments. A HeCd laser
(λ = 325 nm) was used as an excitation source in all setups if not otherwise mentioned.
Time-resolved (TR) PL measurements presented in chapters 5 and 6 were conducted by
Nils Rosemann and Vanessa Dahmen in the group of Prof. Dr. Sangam Chatterjee at the
Philipps-Universität Marburg2 as well as by Dr. Mark Beeler, Dr. Joel Bleuse and Dr. Eva
Monroy at the Université Grenoble Alpes3 and CEA-Grenoble4. The TR-PL experiments
2Faculty of Physics and Materials Science Center, Philipps-Universität Marburg, Renthof 5, 35032 Mar-
burg, Germany
3Université Grenoble Alpes, 38000 Grenoble, France
4CEA-Grenoble, INAC, SP2M / NPSC, 17 av. des Martyrs, 38054 Grenoble, France
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Figure 3.4: Schematic of radiative PL transition paths. The direct recombination of electrons
and holes (e, h) and the transitions of a free exciton (FX), a donor bound exciton (D0X),
an acceptor bound exciton (A0X) as well as a DAP transitions are sketched.
presented in chapter 5, section 5.2 were performed by Sarah Kristina Schlichting and Dr.
Gordon Callsen in the group of Prof. Dr. Axel Hoﬀmann at the Technische Universität
Berlin5
Setup A
Figure 3.5 displays a schematic of PL Setup A. The laserlight is modulated by a chopper
wheel (ν = 77Hz) and focused onto the sample, with a spot diameter of approximately
100µm. The luminescence light is collected by a Jobin Yvon THR1000 grating spec-
trometer, equipped with a 2400 lines/mm grating, blazed from 170 to 500 nm. Finally,
the measurement signal is generated by a Hamamatsu R375 photomultiplier and detected
with a lock-in technique. A bath cryostat from Oxford Instruments is used to perform
experiments at 4K using liquid Helium.
Setup B
The second PL setup (Setup B) is schematically shown in ﬁgure 3.6. Laserlight is coupled
into a Y-shaped optical ﬁber from Ocean Optics and collimated (dspot ≈ 2mm) onto the
5Technische Universität Berlin, Institut für Festkörperphysik, Hardenbergstr. 36, 10623 Berlin, Germany
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sample. The PL is collected in backscattering geometry with the same ﬁber and detected
by a CCD camera in an Opto Science QWave VIS spectrometer. The samples are mounted
in a Microstat HiResII ﬂow cryostat from Oxford Instruments to be cooled down to 4K.
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Figure 3.5: Schematic of the PL spectroscopy Setup A.
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Figure 3.6: Schematic of the PL spectroscopy Setup B.
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Setup C
A Renishaw inVia Raman microscope connected to a Leica DM LM/P optical microscope
was used to perform micro-PL measurements. A schematic of Setup C is shown in ﬁgure
3.7. The spot size of this setup is 5µm using a 20x UV objective (0.4NA). The latter is
also used to collect the PL in backscattering geometry. Afterwards the light is dispersed
by a 1800 lines cm−1 grating and detected by a CCD camera.
CC
D
holographic
lters
sample
microscope
beam expander
slit diractiongrating
Figure 3.7: Schematic of the µ-PL spectroscopy Setup C.
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3.5 X-Ray diﬀraction analysis
High resolution X-Ray diﬀraction analysis (HRXRD) analysis of the as grown NW samples
was performed to assess the layer periodicity as well as ND and barrier thickness in NDSLs.
Additionally, the strain state of heteroepitaxially grown layers and the composition of
ternary alloys is accessibly by this non-destructive technique.
A crystal lattice consists of parallel lattice planes which are identiﬁed using the Miller
indices h, k and l. Constructive interference of X-Rays diﬀracted by a family of lattice
planes with a given h, k, l and a lattice spacing dhkl (cf. ﬁgure 3.8) is described by Bragg's
law according to
λ = 2 · dhkl · sinθ (3.3)
Hence, incident angles θ can be found at a given wavelength λ and lattice plane distance
dhkl for which equation 3.3 is fulﬁlled. This is used in XRD experiments to analyze the
structural properties of crystalline samples. A graphical illustration of Bragg's law is given
in ﬁgure 3.8.
θ θ
θθ dhkl
dhkl sinθ
Figure 3.8: Illustration of Bragg's law.
For a hexagonal crystal lattice, dhkl can be written as
dhkl =
a√
4
3
(h2 + hk + k2) + a
2
c2
l2
(3.4)
In equation 3.4, a and c are the lattice parameters. The crystal lattice can be transformed
into reciprocal space where each family of planes with distinct values of h, k and l is
represented by a point also described by the Miller indices. Analogous to the real space,
the reciprocal space is constructed using primitive reciprocal lattice vectors bi that can be
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linearly combined to a reciprocal lattice vector G according to
G = hb1 + kb2 + lb3 (3.5)
Introducing the wave vectors ki, Bragg's law can be expressed by reciprocal lattice vectors
according to the Laue conditions using the incident kin and diﬀracted kdiff waves:
G = kdiff − kin = khkl = hb1 + kb2 + lb3 (3.6)
Here, khkl represents the scattering vector. Figure 3.9b) illustrates the diﬀraction condition
for the (102)-reﬂex. The angle between kin and kdiff is deﬁned to be 2θ and Ω is the
2θ
Ω
ω
a)
sample k||
k
kin
kdiffθΩ
2θdhkl
(102)
RSM
ω-2θ-scan
ω-scan
khkl = G
b)
Figure 3.9: a) Schematic of the measured sample and the rotation axis for an ω-scan.
Incident and outgoing X-Rays as well as the angles Ω and 2θ are indicated. b) Illustration
of the Laue condition in the (h0l)-plane for the (102)-reﬂex. The upper part of the schematic
represents the reciprocal space while the lower part shows the sample including the lattice
planes with the distance d for the given hkl. In addition, the scan directions for a ω- and
a ω-2θ-scan are indicated. The area scanned during the measurement of a RSM is framed
in green.
angle between the sample surface and kin. Scattering vectors can be described by a linear
combination of a vector parallel k‖ and perpendicular k⊥ to the sample surface. Knowing
Ω and 2θ, k‖ and k⊥ are calculated according to
k‖ =
2pi
λ
(cos (2θ − Ω)− cos (Ω)) (3.7)
k⊥ =
2pi
λ
(sin (2θ − Ω) + sin (Ω)) (3.8)
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By deﬁnition, symmetrical reﬂexes (Ω = θ) are found on the k⊥ axis (h = k = 0). Knowing
k‖ and k⊥ for a given hkl, the lattice parameters c and a of the hexagonal wurtzite lattice
are given by
c =
2pi
k⊥
l and a =
4pi√
3k‖
h (3.9)
An in depth description of XRD can be found in Ref. [55].
Two type of scan methods were employed during the experiments presented in this work.
Only the sample is rotated during an ω-scan (cf. ﬁgure 3.9a)), leaving the detector at
a ﬁxed position. The sample is rotated around the angle ω and the detector position is
adjusted accordingly during a ω-2θ-scan. This method allows to scan along the direction of
the vector khkl as indicated in ﬁgure 3.9b). If a sample contains a superlattice (cf. chapter
5), reﬂexes corresponding to this superlattice can be observed in symmetrical ω-2θ-scans.
Two neighbouring superlattice reﬂexes observed at θ1 and θ2 can be used to calculate the
superlattice periodicity according to
dperiod =
λ
2(sin θ1 − sin θ2) (3.10)
Equation 3.10 was used to extract the superlattice period of the samples presented in
chapter 5. Combining ω- and ω-2θ-scans allows to record a 2D reciprocal space map
(RSM) (cf. ﬁgure 3.9b)). For this purpose, ω-2θ-scans are performed at diﬀerent ω-oﬀsets.
Typically, RSMs are recorded on asymmetrical reﬂexes to reveal information about the
strain state of heterostructures and by that also access reliable information on the chemical
composition in, exempli gratia, ternary group III-nitrides. In chapter 6, RSMs were used
to determine the In concentration in InxGa1−xN/GaN NWHs. A PANalytical X'Pert PRO
MRD setup with a copper anode was used for the XRD experiments presented in this work.
Evaluation of the measurements was carried out using the X'Pert Epitaxy software from
PANalytical.
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Since GaN NWs form the base of the more complex NWHs which are presented later
in this work, a deep understanding of the underlying growth process is mandatory. The
self-assembled growth of GaN NWs is introduced in the following while the PCG will be
discussed in chapter 7. Morphological properties of the grown NWs were analyzed by of
SEM, whereas the optical properties were studied by analysis of the PL spectra recorded
on NW ensembles as well as by µ-PL spectroscopy performed on single nanowires (SNWs).
4.1 Fundamentals of the GaN nanowire growth
Semiconductor NWs were introduced by Wagner and Ellis who fabricated Si NWs using a
newly developed vapour-liquid-solid (VLS) process in 1964 [56]. For this growth method,
metal droplets are required as nucleation sites liquid at the desired growth temperature.
These metal droplets absorb the precursors from the gas phase which leads to the formation
of a liquid alloy. Nucleation (growth) of the NWs commences at the liquid-solid interface to
the substrate (NW) upon supersaturation of the formed alloy droplet. A VLS process can
also be applied for the PAMBE growth of compound semiconductors, exempli gratia, group
III-V NWs. Self-catalytic growth using a liquid Ga-droplet is feasible for the realization
of GaAs NWs [57, 58] while GaN NWs can be grown from Ni-droplets [59]. In contrast,
GaN NWs can also be grown self-assembled on Si(111) by PAMBE, in absence of any
additional catalyst material [4, 5, 60]. The self-assembled growth mode diﬀers from the
self-catalytic growth mode as no metal droplets form to initiate growth [61]. A direct
comparison of self-assembled and catalytically grown GaN NWs revealed that the use of
Ni as a catalyst has a detrimental eﬀect on the optical and structural properties of the
NWs [62]. The self-assembled growth has, therefore, been established as the standard
process for the fabrication of group III-nitride NWs by PAMBE and has also been used for
the NWs presented in the current chapter as well as the NWHs studied in chapters 5 and
6.
At a ﬁxed substrate temperature, diﬀerent growth windows exist for GaN which result
in diﬀerent sample morphologies. These growth windows depend on the metal-to-nitrogen
ratio which is controlled via the metal BEP (cf. section 3.1.1) or the atom source operating
parameters (cf. section 4.4.1). An increasing GaN growth rate is observed with an increase
of the BEPGa as schematically shown for a constant supply of reactive nitrogen species
in ﬁgure 4.1 [4]. Three growth regimes can be identiﬁed based on ﬁgure 4.1. Starting
at low BEPGa, a linear dependence of the GaN growth rate on the BEPGa is observed
(labeled I in ﬁgure 4.1) indicating N-rich growth conditions (III/V < 1). Afterwards, the
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Figure 4.1: Schematic dependence of the GaN growth rate on the BEPGa. The graph is
devided into three growth regimes (I, II and III) and the stoichiometric point (III/V≈1) is
marked by an arrow. The blue line represents growth with the lowest temperature T1 and
the lowest amount of reactive nitrogen species (PN2,1, ΦN2,1). An increase of the substrate
temperature is assumed for the red line (T2>T1) while an increase of the supplied nitrogen
is assumed for the green line (PN2,2>PN2,1, ΦN2,2>ΦN2,1).
GaN growth rate depends sublinearly on BEPGa (labeled II in ﬁgure 4.1). This marks
the transition region from N-rich to saturated Ga-rich growth. At the stoichiometric point
(arrows in ﬁgure 4.1), the III/V ratio is close to unity and the growth rate saturates
for higher Ga ﬂuxes (labeled III in ﬁgure 4.1). In this regime, all the supplied reactive
nitrogen is incorporated into the crystal lattice. Layer-by-layer growth of GaN is observed
close to the stoichiometric point [63]. However, smooth two dimensional layers without
metal accumulation can also be grown at slightly Ga-rich conditions when the GaN surface
is covered by a Ga-bilayer which results in the step-ﬂow growth of GaN layers [64]. For
higher BEPGa, Ga droplets are observed in post growth analysis [64, 65] which limits the
range of Ga ﬂuxes feasible for the growth of high quality GaN layers. In contrast, N-rich
growth conditions lead to the growth of rough layers [6467]. Gallium nitride NWs are
also grown under N-rich growth conditions, however, the substrate temperature is raised
to values around 800 ◦C compared to the growth temperatures around 730◦C used for the
layer fabrication. The higher substrate temperatures lead to a further enhancement of Ga
adatom diﬀusion and desorption during the growth of GaN NWs. The diﬀusion of Ga
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adatoms towards the NW tip has been reported to be the driving mechanism of the GaN
NW growth [68, 69] resulting in high aspect ratios. In addition, Consonni et al. proposed
a high nucleation energy of 5.44 eV compared to a desorption energy of 2.75 eV prevents
GaN nucleation on the NW sidewalls [69]. Successful growth of GaN NWs was carried out
in a large range of III/V ratios, reaching from 1/3 [37] down to 1/125 [5]. At constant
BEPGa, the eﬀective III/V ratio decreases at the higher growth temperatures used for
the fabrication of GaN NWs compared to GaN layers. Consequently, the three growth
regimes are shifted to higher values of BEPGa. This is schematically shown in red in
ﬁgure 4.1 (T2 > T1). An increase of the reactive nitrogen species (increasing forward power
PN2 and/or nitrogen ﬂux ΦN2) also modiﬁes the growth regimes [70, 71]. In this case, the
transition points are shifted to higher BEPGa and the maximum growth rate increases due
to the absolute increase of available nitrogen (green in ﬁgure 4.1).
Self-assembled GaN NWs grow in the [0001¯]-direction of the wurtzite crystal lattice and
the NW sidewalls are formed by (101¯0)-planes due to minimization of the free-surface-
energy [72]. Lateral growth is strongly suppressed and diﬀusion of Ga adatoms is reported
to play a major role in sustaining such a low lateral growth rate during PAMBE growth [68].
Tchernycheva et al. reported the radial-to-axial growth rate ratio to be controllable in the
range from 1% to 10% via the III/V ratio [73] while Furtmayr et al. found a value of 2%
for a III/V ratio of 1/3 [60]. However, while diﬀusion over the whole NW length on the scale
of µm is reported [59,60], Lymperakis et al. theoretically predicted Ga diﬀusion along the
c-direction on the NW sidewalls to be hindered [74]. The latter is in line with relatively low
diﬀusion lengths of less than 100 nm reported by Debnath and Consonni et al. [68, 69]. In
addition, the possibility of stabilizing impinging reactive nitrogen species (N and N∗2) plays
an important role in deﬁning the shape of GaN NWs. It is diﬃcult to stabilize adsorbing
nitrogen on the NWm-plane sidewalls [74] but stabilization is possible on the (0001¯) growth
front of the GaN NWs [75, 76] promoting their axial growth. Further, the nucleation
energy on the NW sidewalls is by a factor of two higher than the desorption energy of
Ga adatoms [69]. Hence, Ga atoms either reach the NW tip through surface diﬀusion or
desorb from the m-plane surface before they can contribute to a lateral growth of the NW.
Readsorption by and supsequent desorption from neighboring NWs can transport Ga atoms
to the NW tip where they can be eﬃciently incorporated into the crystal. In conclusion,
the growth kinetics and columnar shape of GaN NWs depend on the interplay of adatom
diﬀusion and desorption as well as nitrogen stabilization under the premiss of N-rich growth
conditions. The possibility of N adatoms forming covalent bonds with surface N atoms of
the GaN crystal which afterwards desorb as N2 [74] even introduces the GaN decomposition
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as a competing mechanism to the crystal formation. While thermally activated diﬀusion
and desorption processes can be controlled via the substrate temperature, the composition
of the arriving nitrogen species depends on the atom source operating parameters (cf.
section 4.4.1). Together with the BEPGa, the latter also determine the overall III/V ratio,
which in turn aﬀects the growth regime. In the experimental section of this chapter the
inﬂuence of the BEPGa and the composition of the nitrogen plasma on the structural and
optical properties of GaN NWs is studied in detail.
4.2 Substrate preparation and GaN nanowire growth
Self-assembled growth of GaN NWs was performed on Si(111) substrates at temperatures
of 790 ◦C to 800 ◦C [54]. The natural silicon oxide layer on the substrate was removed by
HF dipping1 prior to the deposition process. After heating the substrates to the growth
temperature, the characteristic 7×7 reconstruction, an indication for a clean silicon surface,
was observed by RHEED (cf. ﬁgure 4.2a)). Before the gallium shutter was opened, the
Figure 4.2: The RHEED patterns of the 7 × 7 reconstruction of Si(111) and the three
dimensional GaN NW growth are shown in a) and b),respectively.
silicon surface was nitridated for 15min by opening the shutter of the atom source which
was operated at a forward power PN2=400W and a nitrogen ﬂux ΦN2=1 sccm. This
nitridation step leads to the formation of an approximately 2 nm thick amorphous silicon
nitride layer which is essential for the nucleation of the GaN NWs [60]. Furtmayr et al.
assumed that local strain ﬁelds between the Si(111) substrate and the thin SixNy layer lead
to the formation of mobile Si interstitials within the substrate. This assumption was based
on the observation of Si diﬀusion from substrate into the GaN NW base region [60]. All
distinct RHEED reﬂexes vanish during the formation the amorphous SixNy surface leaving
a homogeneous ﬂuorescence of the phosphorous screen. After nitridation, the shutter of
110%, Supplier: AppliChem GmbH
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the nitrogen source was closed to adjust PN2 and/or ΦN2 according to the desired growth
conditions of the GaN NWs. The substrate was exposed to the Ga and N ﬂuxes by opening
the respective shutters simultaneously in order to initialize the NW growth. When GaN
NW nucleation occurs, the RHEED pattern depicted in ﬁgure 4.2b) begins to form. Instead
of a streaky pattern which is observed for smooth layers, the occurrence of elongated
dots indicates the three dimensional NW growth. After observing the ﬁrst spots, the
RHEED pattern evolves until the amount and intensity of the reﬂexes saturates, indicating
a saturation of the NW density [77]. The time span between the opening of the shutters
and the ﬁrst NW nucleation is deﬁned as the nucleation time (tnucl) while the incubation
time (tinc) also includes the time needed to saturate the NW density. After tinc, GaN
NWs grow with a constant lateral and axial growth rate. The evolution of the NW length
with growth time is presented in ﬁgure 4.3. All samples were grown with BEPGa= 3 ×
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Figure 4.3: The length of the GaN NWs is plotted against the growth time after opening the
Ga and N shutters. Symbols represent measurement data and a linear ﬁt is represented by
the solid line.
10−7mbar, PN2=400W and ΦN2=0.4 sccm. An axial growth rate of (6.8 ± 0.8) nm/min
is determined from a linear ﬁt to the measurement data. In addition, the intercept of the
ﬁt and the abscissa gives an estimate for tinc. In this case, tnucl and tinc were 40min and
64min, respectively. A list of the samples used for those experiments is given in appendix
A.3. As mentioned before, lateral growth is strongly suppressed for the applied GaN NW
growth conditions. However, the NW radius also increases linearly over time, but with
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a comparably small growth rate which is two orders of magnitude lower than the axial
growth rate. The lateral NW growth can lead to the coalescence of neighboring NWs
which increases the total NW radius and facilitates the formation of structural defects in
the coalescence region [78]. Hence, the III/V ratio should be optimized to minimize the
occurrence of NW coalescence leading to thinner NWs with a lower density of structural
defects. The investigation and discussion of the inﬂuence of the BEPGa, PN2 and ΦN2 on
the structural and optical properties of GaN NWs is given in the following sections of this
chapter.
4.3 Variation of the gallium ﬂux
The total impinging Ga ﬂux is directly proportional to the BEPGa. After adsorption, the
Ga adatoms diﬀuse over the substrate and NW sidewalls to be incorporated into the (0001¯)
tip surface or they can desorb. Diﬀusion and desorption are controlled by the substrate
temperature and, therefore, the eﬀective ﬂux of Ga which is incorporated into the crystal
at a given nitrogen concentration is deﬁned by a combination of BEPGa and Tsubs. All
experiments that are presented in this section were performed at a constant Tsubs and only
the BEPGa was varied.
4.3.1 Morphology and growth rates
The dependence of the GaN NW diameter and the ﬁnal NW density on BEPGa (ﬁgure
4.4a)) was evaluated. An approximately linear increase of the NW diameter, from (29 ±
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Figure 4.4: a) Evolution of the GaN NW diameter (left axis, blue symbols) and density
(right axis, red symbols) with the BEPGa. b) Variation of the areal coverage (blue, left
ordinate) and degree of coalescence (red, right ordinate) with BEPGa. Dashed lines were
added to guide the eye.
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8)nm for BEPGa = 1×10−7mbar to (74±26)nm for BEPGa = 4×10−7mbar was observed.
The ﬁnal NW density decreases with increasing BEPGa from 157 to 87µm−2. This ﬁnal
density, however, does not necessarily represent the initial NW nucleation density as many
adjacent GaN nuclei can merge into one NW which is schematically shown for the yellow
framed NW in ﬁgure 4.5b). Figure 4.5a) and ﬁgure 4.5b) show the top view SEM images of a
a) N1511040 b) N1510213
Figure 4.5: Top view SEM images of GaN NW samples grown with a)
BEPGa = 1.5× 10−7mbar (N1511040) and b) BEPGa = 4× 10−7mbar (N1510213). The
merging of several NW nuclei (red) into one ﬁnal NW (yellow) is schematically shown for
one of the NWs in b).
sample grown with BEPGa = 1.5× 10−7mbar and BEPGa = 4× 10−7mbar, respectively.
An increase of the degree of coalescence with BEPGa is apparent from ﬁgure 4.5. The
degree of coalescence was determined by dividing the number of visibly coalesced NWs
by the total number of investigated NWs (ﬁgure 4.4b)) which yields values of 32% and
96 % for the samples shown in ﬁgure 4.5a) and ﬁgure 4.5 b), respectively. However, to
access information about the intial nucleation density, knowledge about the NW nucleation
probability is required. With increasingBEPGa, tnucl decreases (ﬁgure 4.6a)) and, therefore,
the nucleation probability increases which should aﬀect density of NW nuclei. In turn,
a larger areal coverage by NWs is observed for increasing BEPGa (decreasing tnucl) as
demonstrated in ﬁgure 4.4b). The areal coverage was calculated by multiplying the mean
NW area by the ﬁnal NW density. Hence, the ﬁnal NW density observed for increasing
BEPGa is due to an increasing initial NW density (reduced inter NW distance) which leads
to the early coalescence of adjacent NW nuclei yielding an increased areal coverage, NW
diameter and degree of coalescence.
Additionally, the axial and lateral growth rates (raxial and rlateral) were determined by
ﬁxing the growth time and extracting raxial and rlateral with respect top tnucl (ﬁgure 4.6b)).
The axial growth rate increases from 3.3 to 9.3 nm/min, whereas the radial growth rate
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Figure 4.6: a) Dependence of tnucl on BEPGa. b) Dependence of raxial (left axis, blue
diamonds) and rlateral (left axis, blue circles) as well as the ratio rlateral/raxial (right axis,
red symbols) on BEPGa. Dashed lines were added to guide the eye.
is increased from 0.12 to 0.62 nm/min when BEPGa is raised from 1 × 10−7mbar to 4 ×
10−7mbar (ﬁgure 4.4b)). Between BEPGa = 1.5× 10−7 and BEPGa = 3× 10−7mbar, the
radial-to-axial growth rate ratio only slightly increases from 2 to 2.6%. For the lowest and
highest investigated BEPGa, 1 × 10−7mbar and 4 × 10−7mbar, respectively, this ratio is
increased to 3.6 and 6.7%. In the case of the former, this is due to a low axial growth rate
of 3.3 nm/min which is an indication that Ga desorption starts to dominate the growth
process. The strong increase of the radial growth rate in the case of the highest BEPGa
also leads to an increase of rlateral/raxial. Therefore, growth should be carried out in the
stable regime between BEPGa = 1.5 × 10−7 and 3 × 10−7mbar, favoring lower values of
BEPGa to keep the ﬁnal degree of NW coalescence as well as the ratio rlateral/raxial as low
as possible.
4.3.2 Photoluminescence spectroscopy
Photoluminescence spectra of samples grown with a BEPGa of 2×10−7mbar, 3×10−7mbar
and 4×10−7mbar are shown in ﬁgure 4.7. Diﬀerent linear scales were used for the abscissa,
dividing the graph in subregions with an energy above and below 3.465 eV. A logarithmic
scale was chosen for the intensity axis. The dominant emission in the GaN NW PL spectra
stems from the neutral donor bound exciton at 3.472 eV (D0XAi ) due to the unintentional
n-type doping of GaN, with silicon on a gallium site and/or oxygen on a nitrogen site. Due
to a linewidth > 1meV (4meV for the red spectrum in ﬁgure 4.7) of the D0XA lumines-
cence, the individual emissions related to ON and SiGa donors (∆E=1meV [79,80]) cannot
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Figure 4.7: Low temperature PL spectra of three samples (N1510193, N1510203 and
N1510213) grown with diﬀerent BEPGa. The graph is divided in the section below the
NBE regime with emission energies smaller than 3.465 eV on the left hand side as well
as a detailed view of the NBE regime between 3.465 and 3.55 eV, on the right hand side.
Note, that a ﬁner energy scale of the NBE region as well as a logarithmic scale for the
intensity axis were chosen to improve visibility. All spectra were normalized with respect to
their emission maximum at 3.472 eV (D0XA). Assignments of individual emissions to the
respective defects are given in the text.
be distinguished in the PL spectra in ﬁgure 4.7 (≈ 106 excited NWs). Both emissions can
be observed seperately in SNW PL experiments as demonstrated in ﬁgure 4.8 [54]. The
D0XASi emission is centered at 3.472 eV while the D
0XAO gives rise to a signal at 3.471 eV, in
good agreement with values reported for epitaxial GaN layers [79, 80] and GaN NWs [81].
Localisation energies of 6.5 and 7.5meV are determined from ﬁgure 4.8 for the silicon and
oxygen donor, respectively, using an emission energy of 3.4785 eV for the free exciton FXA.
Transitions of free excitons are observed at 3.479 (FXA), 3.484 (FXB) and 3.493 eV (excited
state of the FXA, the FXA2 [82]) in the spectra shown in ﬁgure 4.7.
Apparent from ﬁgure 4.7 is the decreasing intensity of emission lines and signal background
below the NBE regime (energy< 3.465 eV) of GaN with decreasing BEPGa. Especially, the
intensity of the emission line at 3.215 eV (the longitudinal optical (LO) phonon replica is
observed at 3.125 eV) is reduced by one order of magnitude when the BEPGa is decreased
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Figure 4.8: Low temperature PL spectrum of a single GaN NW (sample N1204270). Emis-
sion lines originating from excitons bound to neutral silicon and oxygen donors are labeled
D0XASi and D
0XAO, respectively. The data presented in this graph has already been published
in Ref. [54].
from 3 × 10−7 to 2 × 10−7mbar. As discussed in section 4.3.1, a stronger coalescence of
neighboring GaN NWs occurs for higher values of BEPGa suggesting that this emission
arises from structural defects introduced during NW coalescence as also stated in Ref. [37].
According to Reshchikov and Morcoç, the 3.215 eV emission arises from the recombination
of an exciton which is bound to a point defect that is trapped by the stress ﬁeld of a
threading-edge dislocation [83]. The formation of dislocations at the coalescence region of
GaN NWs was reported to be the main strain releaving mechanism [78] leaving disloca-
tions to be the most probable candidate for the origin of the 3.215 eV emission line. At
3.33 eV, the LO replica of the 3.42 eV emission band is observed. The latter one has been
previously assigned to a DAP transition [2] probably arising from structural defects at the
substrate/NWs interface [4,37]. Finally, a sharp luminescence line was observed at 3.355 eV
(cf. ﬁgure 4.7). Merely taking into account the energetic position, this could be the 1st order
LO phonon line of the 3.452 eV emission which will be discussed in section 4.4.3. However,
due to the small linewidth of this feature (full width at half maximum (FWHM)=7meV)
in the present case, this assignment is not fully clear. A similar emission in the range of
3.35 eV to 3.6 eV was described in Ref. [83] and it was only observed in those N-face GaN
layers which also exhibited the 3.21 eV emission band. Hence, this emission might also be
assigned to excitons bound to point defects which are trapped by dislocations according
to the studies of Reshchikov and Morcoç [83] . Compared to the 3.21 eV emission, those
point defects contributing to the 3.355 eV line are located near the surface and, thus, the
emission energy is increased. In addition, none of the investigated samples exhibited the
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yellow emission band at 2.2 eV usually observed in GaN layers.
4.4 Impact of the atom source operating parameters
The presence of reactive nitrogen is necessary for the growth of group III-nitride NWs
by PAMBE. However, little attention has been paid to the investigation of the atom
source operating parameters and their eﬀect on the growth of those NWs. Some reports
exist, linking the measured N2 ﬂux [84], the optical output power [85] or the intensity
of characteristic emission lines [86, 87] to the growth of GaN layers. The impact of the
atom source operating parameters on GaN and InxGaN1−x NWs, however, has only been
discussed very brieﬂy in literature [8890]. The present work sheds some new light on this
matter discussing the inﬂuence of the atom source operating parameters on the optical
and morphological properties of GaN NWs (current section) and InxGaN1−x/GaN NWHs
(chapter 6, section 6.1) in detail.
4.4.1 Plasma diagnostics
A HD25 RF atom source by Oxford Applied Research was used in the MBE growth ex-
periments. In the present experiments, a nitrogen plasma is used to provide the activated
nitrogen species that are necessary for the growth of group III-nitrides. Figure 4.9a) dis-
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Figure 4.9: a) Spectrum of a RF nitrogen discharge for PN2=200W and ΦN2=1.6 sccm.
Molecular emission bands and atomic lines are highlighted. b) Schematic of the transi-
tion between two electronic states in excited molecular nitrogen with diﬀerent ∆ν of the
vibrational level ν.
plays the emission spectrum of the nitrogen discharge in the investigated spectral range
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from 500 nm to 900 nm2. The electronic states of N2 are split into vibrational sublevels ν
(cf. ﬁgure 4.9b)) due to the additional degrees of freedom compared to atomic N. Tran-
sitions between two distinct electronic states of molecular N2 are, therefore, observed as
broad emission bands (cf. ﬁgure 4.9a)). Within each emission band, the change in the vi-
brational level ∆ν stays constant. Transitions observed from 570 nm to 610 nm correspond
to ∆ν = −4, those from 610 nm to 690 nm to ∆ν = −3 and ∆ν = −2 corresponds to the
signals observed from 710 nm to 780 nm [87]. Emissions from multiplets of atomic N are
detected at 746.1 nm, 812 nm and 867 nm. The intensity ratios of atomic emission lines to
molecular emission bands are directly correlated to the density ratio n(N)/n(N∗2). There-
fore, all spectra were normalized to the dominant atomic line at 867 nm and the relative
evolution of the N∗2 emission intensity was analyzed. Figure 4.10 depicts the evolution of
the N∗2 emission band with ∆ν = −3 with PN2 and ΦN2. Increasing PN2 (ΦN2) leads to
6 1 0 6 2 0 6 3 0 6 4 0 6 5 0 6 6 0 6 7 0 6 8 00
2
4
6
8
1 0  2 0 0  W 3 0 0  W 4 0 0  W 5 0 0  W
 H D 2 5 _ 1 6 s c c m _ 5 0 0 W _ S u b t 2 _ 0 0 5 _ r c a l i b r a t e d . t x t H D 2 5 _ 1 6 s c c m _ 4 0 0 W _ S u b t 2 _ 0 0 5 _ r c a l i b r a t e d . t x t H D 2 5 _ 1 6 s c c m _ 3 0 0 W _ S u b t 2 _ 0 0 5 _ r c a l i b r a t e d . t x t H D 2 5 _ 1 6 s c c m _ 2 0 0 W _ S u b t 2 _ 0 0 5 _ r c a l i b r a t e d . t x t
nor
m. 
inte
nsi
ty [
arb
. un
its]
w a v e l e n g t h  [ n m ]
 N 2  =  1 . 6  s c c m
P N 2
a )
6 2 0 6 3 0 6 4 0 6 5 0 6 6 0 6 7 0 6 8 0
1
2
3
4
5
6b )
 3 . 2  s c c m 1 . 6  s c c m 0 . 8  s c c m 0 . 4  s c c m
nor
m. 
inte
nsi
ty [
arb
. un
its]
w a v e l e n g t h  [ n m ]
 N 2
P N 2  =  4 0 0  W
Figure 4.10: Evolution of the N∗2 emission intensity with respect to the dominant atomic
emission line in dependence on a) PN2 and b) ΦN2.
a relative decrease (increase) of the emission intensity in the investigated range. Conse-
quently, n(N)/n(N∗2) increases with PN2 and decreases with ΦN2. The background pressure
in the growth chamber pBG increases linearly from 5× 10−6mbar to 3.8× 10−5mbar when
ΦN2 is increased from 0.4 sccm to 3.2 sccm (ﬁgure 4.11a)) and is not aﬀected by PN2. At a
ﬁxed PN2 the power-to-molecule ratio, therefore, decreases with increasing ΦN2 which leads
to the observed n(N)/n(N∗2) decrease and also increases the amount of inert N2 which can
hinder the growth process. Both, increasing ΦN2 or PN2 leads to an overall increase of the
integrated emission intensity as depicted in ﬁgure 4.11b) and ﬁgure 4.11c). The intensity
2An Ocean Optics HR4000CG-UV-NIR spectrometer attached to an optical ﬁber was used to record the
spectra.
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Figure 4.11: Evolution of a) pBG with ΦN2 and b) and c) the integrated intensity of the
nitrogen discharge emission spectra with ΦN2 and PN2.
increase with ΦN2 follows a sublinear relationship while the emission intensity increases
linearly with PN2. A change of the emission intensity by approximately 200% is observed
for PN2 and ΦN2 in either of the investigated ranges. This indicates that both parameters
do not only change the plasma composition but also the absolute supply of reactive nitro-
gen species. However, the atomic nitrogen can also facilitate the decomposition reaction
of the grown group III-N material as mentioned earlier. For increasing PN2, and thereby
increasing n(N)/n(N∗2) ratio, this competing process to the GaN formation has to be kept
in mind. Eﬀectively, PN2 mostly changes the composition of the plasma by favoring either
excited molecular N∗2 (lower PN2) or atomic N (higher PN2).
Conclusively, the analysis of the emission spectra of the nitrogen discharge used to supply
activated nitrogen species revealed that...
• PN2 and ΦN2 lead to an increase of activated nitrogen species that can contribute to
the growth of GaN NWs.
• Increasing PN2 increases density ratio n(N)/n(N∗2), additionally enhancing the GaN
decomposition by atomic N. This reduces the eﬀect of PN2 on the amount of eﬀectively
incorporated N and might facilitate the incorporation of structural defects.
• Increasing ΦN2 decreases the population density ratio n(N)/n(N∗2) reducing the N
induced GaN decomposition rate. However, the additionaly introduced inert N2 due
to an increase of pBG with ΦN2 might hinder the growth process.
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4.4.2 Morphology and growth rates
The dependence of the GaN NW morphology and growth rates on ΦN2 and PN2 is investi-
gated in the following.
Morphology
All samples that are subject to this section were grown for 180min after nucleation was
observed by RHEED. The substrate temperature was in the range of 795 ◦C to 800 ◦C while
the BEPGa was set to 3.4×10−7mbar. Both, PN2 (200W to 500W) and ΦN2 (0.6 sccm
to 2.4 sccm) were systematically varied. A list of the investigated samples is given in
appendix A.3. The top view SEM images of samples that were grown with diﬀerent PN2
(ΦN2 =1 sccm) are presented in ﬁgure 4.12a) to ﬁgure 4.12c), whereas ﬁgure 4.12d) to ﬁgure
forward power
nitrogen flux
a) 200 W
N1408190
350 W
N1408130
500 W
N1408200
0.6 sccm
N1407230
1 sccm
N1408060
2.4 sccm
N1407310
b) c)
d) e) f)
Figure 4.12: SEM top view images of samples grown with PN2 of a) 200W, b) 350W and
c) 500W. The nitrogen ﬂux was ﬁxed at ΦN2=1 sccm. Also, the SEM top view images of
samples grown with ΦN2 set to d) 0.6 sccm, e) 1 sccm and f) 2.4 sccm are shown. For these
samples, PN2 was set to 400W. Sample numbers are given in the respective images.
4.12f) show the images corresponding to samples where ΦN2 was varied (PN2 =400W). It
is evident from ﬁgure 4.12 that an increase of either PN2 or ΦN2 leads to an increase of
the NW diameter. Consequently, an apparent decrease of the ﬁnal NW density due to an
increased degree of coalescence is observed, similar to an increasing BEPGa at otherwise
ﬁxed growth parameters (cf. section 4.3.1). The quantitative analysis of the NW diameter
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and ﬁnal NW density in dependence on PN2 and ΦN2 is presented in ﬁgure 4.13. Increasing
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Figure 4.13: Evolution of the NW diameter and density with increasing a) PN2 as well as
b) ΦN2. Dashed lines were added to guide the eye.
PN2 from 200W to 500W results in an increase of the NW diameter from (37 ± 12) nm
to (64 ± 22) nm. An increase of ΦN2 from 0.6 sccm to 2.4 sccm causes a diameter increase
from (39 ± 11) nm to (63 ± 26) nm. However, while the NW diameter continuously grows
when PN2 is increased (ﬁgure 4.13a)), it remains relatively constant for ΦN2 ≥ 1.2 sccm.
Both, increasing PN2 and ΦN2 leads to an increase of the standard deviation of the NW
diameter (error bars in ﬁgure 4.13). This indicates an increasingly inhomogeneous radial
growth. The decrease of the ﬁnal NW density is more pronounced for an increase of ΦN2
compared to PN2. A reduction of the NW density from 120µm−2 to 65µm−2 is observed
when ΦN2 is increased from 0.6 sccm to 2.4 sccm (PN2=400W). In contrast, a minimum NW
density of 75µm−2 is observed at PN2=400W (ΦN2=1 sccm) while a maximum density
of 100µm−2 was determined for PN2=200W (ΦN2=1 sccm). The ﬁnal NW diameters
and densities are the result of individual NW nuclei that coalesce into one NW during
growth reducing the ﬁnal NW density compared to its initial value. Information about the
nucleation probability can be accessed by analyzing the dependence of tnucl on PN2 and
ΦN2 (ﬁgure 4.14). The nucleation time depends superlinearly on either of the investigated
parameters. An increase of either PN2 and ΦN2 increases the absolute amount of activated
nitrogen species (cf. section 4.4.1). The relative increase of the density of atomic nitrogen
by an increase of PN2 from 200W to 500W (at a ﬁxed nitrogen supply of 1 sccm) causes a
drastic reduction of the nucleation time from 68min to 18min. The relative increase of the
density of N∗2 by raising ΦN2 from 0.6 sccm to 2.4 sccm reduces tnucl from 29min to 8min.
Hence, all the nitrogen species that contribute to the growth of GaN [91] can also initiate
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Figure 4.14: Dependence of the GaN NW nucleation time on a) the forward power and b)
nitrogen ﬂux.
the nucleation of GaN NWs. Consequently, the nucleation probability increases for higher
values of PN2 and ΦN2. Gallium nitride NW nuclei are, therefore, not only stabilized by Si
diﬀusing through the amorphous SixNy layer as proposed by Furtmayr et al. [60] but also
by a suﬃciently high concentration of reactive nitrogen species at the substrate surface.
Figure 4.15a) and ﬁgure 4.15b) depict the dependence of the areal coverage and the degree
of coalescence on PN2 and ΦN2, respectively. Both parameters increase with increasing PN2.
Together with the higher nucleation probability (lower tnucl) at higher PN2, an increasing
intial nucleation density is assumed. Accordingly, the same is inferred from the increase
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Figure 4.15: Dependence of the areal coverage and the degree of coalescence on a) the forward
power and b) nitrogen ﬂux.
of the degree of coalescence and areal coverage upon an increase of ΦN2 up to 1.2 sccm.
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A further increase of ΦN2 leads to a decrease of both values, indicating a decrease of the
initial nucleation site density in comparison to the sample grown with ΦN2 = 1.2 sccm.
This observation seems to be in contradiction to the increase of the absolute amount of
reactive nitrogen species and the increase in nucleation probability at higher ΦN2. However,
the increase of pBG with ΦN2 additionally increases the total amount of nitrogen in the
growth chamber. This raises the concentration of impinging inert N2 (cf. section 4.4.1)
that can inhibit NW nucleation which, in turn, reduces the initial NW nucleation density.
Conclusively, the number of initial nucleation sites and the nucleation probability increase
with PN2 (200W to 500W) due to an increase of reactive nitrogen species which is also
observed for an increase of ΦN2 from 0.6 sccm to 1.2 sccm. However, increasing ΦN2 also
increases the nitrogen partial pressure in the growth chamber and the additional inert N2
begins to signiﬁcantly inhibit GaN nucleation on the substrate and Ga adatom diﬀusion at
values > 1.2 sccm.
The inﬂuence of PN2 and ΦN2 on the axial growth of GaN NWs was studied based on
cleaved edge SEM images of the individual samples (ﬁgure 4.16). The forward power
200 W
N1408190
350 W
N1408130
500 W
N1408200
a)
0.6 sccm
N1407230
1 sccm
N1408060
2.4 sccm
N1407310
b) c)
d) e) f)
forward power
nitrogen flux
Figure 4.16: Cleaved edge SEM images of samples grown with PN2 of a) 200W, b) 350W
and c) 500W. The nitrogen ﬂux was ﬁxed at ΦN2=1 sccm. Also, the SEM top view images
of samples grown with ΦN2 = d) 0.6 sccm, e) 1 sccm and f) 2.4 sccm are shown. For these
samples, PN2 was set to 400W. Sample numbers are given in the respective images.
(ΦN2=1 sccm) was varied corresponding to the images shown in ﬁgure 4.16a) to ﬁgure
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4.16c), whereas the images in ﬁgure 4.16d) to ﬁgure 4.16f) represent samples which were
grown with diﬀerent nitrogen ﬂuxes (PN2=400W). The length l of more than 100 NWs
was measured and evaluated for each sample shown in ﬁgure 4.16. Errors correspond
to the calculated standard deviation of the respective measurements. For increasing PN2
from 200W to 500W, l increases from (967± 106) nm to (1864± 27) nm leading to a more
homogeneous length proﬁle of the GaN NWs with increasing PN2. This is the opposite
behavior compared to the dependence of the NW diameter on PN2, where an increasing
diameter inhomogeneity was observed for increasing PN2 (cf. ﬁgure 4.13a)). In contrast,
only an initial increase of the overall NW length from (1002± 54) nm to (1665± 38) nm
is observed upon an increase of ΦN2 from 0.6 sccm to 1 sccm. Raising ΦN2 to 2.4 sccm
reverses the trend, yielding a NW length of (1122± 217) nm. The large standard deviation
of 217 nm reﬂects the inhomogeneous growth of the GaN NWs on this sample due to the
hindered Ga diﬀusion for high ΦN2.
Growth rates
The axial and lateral growth rates of GaN NWs (raxial and rlateral) were analyzed based on
the morphological characterization. In ﬁgure 4.17, the dependences of raxial and rlateral as
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Figure 4.17: Dependence of the axial and radial GaN NW growth rate as well as the radial-
to-axial growth rate ratio on a) PN2 and b) ΦN2. A logarithmic scale was chosen for the left
ordinate.
well as of the ratio rlateral/raxial on the applied forward power and nitrogen ﬂux are shown.
An increase of the raxial from (5.4±0.6) nm/min to (10.4±0.2) nm/min and an increase of
rlateral from (0.1±0.03) nm/min to (0.18±0.06) nm/min with increasing PN2 is observed.
The ratio rlateral/raxial remains fairly constant around (1.7± 0.6)% over the hole range of
applied forward powers. Therefore, the increase of the relative amount of atomic N accom-
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panied by the total increase of reactive nitrogen species at a ﬁxed nitrogen partial pressure
enhances the nucleation of GaN NWs as well as their radial and axial growth without a
clear preference of any growth direction. The possible damage which might be caused by
an increased GaN dissociation rate at the NW surface ,due to larger amounts of reactive
atomic N, does not prevail even for the highest applied forward power PN2=500W.
An almost linear increase of raxial from (5.5±0.3) nm/min to (9±0.2) nm/min and of rlateral
from (0.1±0.03) nm/min to (0.14±0.04) nm/min results from an increase of ΦN2 from
0.6 sccm to 1 sccm (ﬁgure 4.17b)). The faster increase of raxial compared to rlateral leads to
a decrease of rlateral/raxial from (1.9±0.6)% to (1.6±0.5)%, up to a nitrogen ﬂux of 1 sccm.
At ﬂuxes > 1 sccm, raxial decreases linearly to (6.2±1.2) nm/min at ΦN2=2.4 sccm. In con-
trast, rlateral increases further until ΦN2=1.2 sccm is reached and remains almost constant
up to the highest applied nitrogen ﬂux of 2.4 sccm (cf. ﬁgure 4.17b)). Consequently, the
ratio rlateral/raxial increases for ΦN2>1 sccm and reaches a maximum value of (2.8±1.3)%
at ΦN2=2.4 sccm. The large error reﬂects the inhomogeneous growth of the GaN NWs
at high nitrogen ﬂuxes which was observed during the morphological investigations (ﬁgure
4.12f) and ﬁgure 4.16f)). Plasma diagnostic experiments (cf. section 4.4.1) revealed a
relative increase of N∗2 in comparison to the higher energy atomic N with increasing ΦN2.
In addition, the total nitrogen pressure within the MBE system increases with ΦN2. The
increasing amount of N∗2 seems to facilitate the growth of GaN NWs similar to the growth
of GaN layers. Up to ΦN2=1 sccm (PN2=400W), the axial growth is preferred over the
radial growth of the NWs. Hence, the increasing amount of inert N2 does not hinder the
Ga adatom diﬀusion along the NW sidewalls and the lower reactivity of N∗2 compared to N
results in a weaker increase of rlateral compared to raxial. The subsequent decrease of raxial
for ΦN2>1 sccm indicates an increasing restraint of the Ga diﬀusion towards the NW tip
due to the increasing amount of inert N2. Gallium incorporation into the NW sidewalls is
not aﬀected by this increase of non-reactive nitrogen, indicated by the relatively constant
lateral growth rate (ﬁgure 4.17b)).
Conclusively, the nitrogen ﬂux can be used to minimize rlateral/raxial at a ﬁxed PN2 which
maximizes the aspect ratio of GaN NWs and also minimizes NW coalescence. The forward
power does not seem to preferentially enhance either, lateral or axial GaN NW growth.
Both, the radial and axial growth rates, however, increase with increasing PN2 due to an
increasing amount of reactive nitrogen species. The GaN decomposition reaction facilitated
by the atomic nitrogen does not prevail for the investigated range of PN2 as no decrease of
the growth rate was observed for an increase of PN2.
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4.4.3 Photoluminescence spectroscopy
The optical properties of GaN NWs were already discussed in section 4.3.2 based on low
temperature (4K) PL spectroscopy. The corresponding samples were fabricated using
constant PN2 and ΦN2. The current section is focused on the changes that are introduced
to the PL spectra of GaN NWs by the variation of the atom source operating parameters.
Figure 4.18 displays the low temperature PL spectra of GaN NW samples that were grown
with diﬀerent ΦN2 (PN2=400W). All samples investigated exhibit their maximum emission
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Figure 4.18: Low temperature PL spectra of GaN NWs grown with diﬀerent nitrogen ﬂuxes,
keeping all other parameters constant. Emission lines of the donor bound exciton D0XA
and the one possibly originating from VGa are marked by dashed lines. The spectra were
recorded on samples N1407230A (0.6 sccm), N1408060A (1 sccm), N1407240B (1.2 sccm),
N1407280A (1.8 sccm) and N1407310 (2.4 sccm).
intensity at the energy of the D0XA transition. The spectra are normalized to the emission
maximum and were stacked along the ordinate. A luminescence line at 3.452 eV arises
with increasing ΦN2 from 0.6 sccm to 2.4 sccm (PN2=400W). This was already observed in
similar samples which were presented in Ref. [54]. The 3.452 eV emission in GaN has so far
been assigned to a two electron sattelite (TES) [92] of the D0XA transition as well as excitons
recombining at inversion domain boundaries [83, 93] and VGa at the NW surface [37, 54].
The interpretation that the 3.452 eV line stems from the recombination of a TES has
been confuted by polarization-resolved and magneto-PL experiments by Sam-Giao and
coworkers [94] while the assignment to VGa at the GaN NW surface is still in line with
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the results of those experiments. The observation that the 3.452 eV emission increases in
intensity with decreasing III/V ratio during growth also supports the assignment to VGa,
not only because the relative amount of available Ga is reduced in comparison to N and
N∗2 but also due to the hindered Ga adatom diﬀusion for higher ΦN2 as discussed in section
4.4.2.
Figure 4.19 shows the low temperature PL spectra of samples grown with diﬀerent values
of the applied forward power (ΦN2=1 sccm). All spectra were normalized to the D0XA
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Figure 4.19: Low temperature PL spectra of GaN NWs grown with diﬀerent PN2, keeping all
other parameters constant. The characteristic D0XA and FXA emissions of GaN is marked
by dashed lines and the evolution of the spectra with increasing forward power is indicated
by arrows. Spectra corresponding to PN2=200W, 300W, 400W and 500W correspond to
the samples N1408190A, N1408150A, N1408120A and N1408200A, respectively.
emission line. The emission which corresponds to the FXA is observed within the high
energy shoulder for PN2=200W to 300W but is not visible for higher values of PN2 as the
D0XA emission line is broadened from 2.6meV (200W) to 3.6meV (500W). All spectra
exhibit the FXA2 emission at 3.493 eV corresponding to the excited state of the free exciton.
In addition, the intensity of the luminescence background at energies < 3.472 eV increases
with increasing PN2. In contrast, the intensity of the 3.415 eV emission band is reduced for
increasing PN2.
Conclusively, the higher ΦN2 the more VGa are incorporated close to the NW surface which
form acceptor-like states [95] and give rise to the emission at 3.452 eV [54]. Increasing the
relative amount of atomic nitrogen by increasing PN2, leads to an increase of the FWHM
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of the D0XA emission. The origin of this increase of the FWHM seems, therefore, to
be correlated to the increasing decomposition rate of GaN by the reactive atomic N. In
the decomposition reaction, impinging atomic N breaks the Ga-N bonds leading to the
formation of N2 that subsequently desorbs. Therefore, the formation of nitrogen vacancies
VN becomes more probable with increasing PN2. Nitrogen vacancies are the point defects
with the lowest formation energy even under nitrogen-rich growth conditions [96]. Those
VN are predicted to form donor-like states in GaN which was corroborated by experiments
performed by Look et al. [97]. They determined the activation energy of VN in GaN
to 70meV and did not observe a PL line originating from these donor-like states. An
unambigous assignement of the increasing of FWHM of the D0XA line with increasing PN2
to an increasing density of VN is, however, not possible solely by the presented data. The
increase in luminescence linewidth could also be the result of the increasing NW diameter
inhomogeneity with increasing PN2 (cf. section 4.4.2). Based on the experiments presented
in this work, an in depth analysis of the PL of SNWs in dependence on PN2 and the NW
diameter yielding reliable statistics might enable to verify or falsify the assignment of the
FWHM increase of the D0XA line to VN.
The decrease of the intensity of the 3.415 eV emission band with increasing PN2 is attributed
to the increasing distance of the excited NW volume from the substrate because the NW
length successively increases from l=(967±106) nm to l=(1864±27) nm when PN2 is raised
from 200W to 500W. This observation corroborates the assignment of this emission to
interface defects and is in line with the experiments presented in Ref. [37]. Finally, the
increasing degree of NW coalescence which is observed with increasing PN2 (cf. ﬁgure
4.15a)) introduces additional structural defects in the coalescence regions [78]. Such an
increase of structural defects most likely causes the observed increase of the luminescence
background at lower energies (E<3.472 eV).
4.4.4 Conclusion
In this section, the dependence of the GaN NW morphology, growth rates and PL on the
plasma source operating parameters PN2 and ΦN2 was analyzed and correlated to the change
of the plasma composition and absolute amount of nitrogen species in the growth chamber.
Increasing either PN2 or ΦN2 leads to an increase of the absolute amount of reactive nitrogen
while only ΦN2 inﬂuences the overall amount of nitrogen (including inert N2) in the growth
chamber. An increase of the relative amount of atomic N (excited molecular N∗2) is observed
upon an increase of PN2 (ΦN2).
The increase of reactive nitrogen species due to an increase of either PN2 or ΦN2 leads
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to an increased GaN NW nucleation probability on the nitridated Si(111) substrates and
facilitates lateral and axial NW growth. No inﬂuence of the GaN decomposition by atomic
N on the NW morphology was observed in the investigated range of PN2. Radial growth of
the NWs becomes more inhomogeneous with increasing amount of reactive nitrogen species
independent on the composition ratio n(N)/n(N∗2). However, hindered adatom diﬀusion due
to the increasing amount of inert N2 reduces the initial NW nucleation density for ΦN2 >
1.2 sccm and also leads to an inhomogeneous axial NW growth. In addition, a luminescence
line at 3.452 eV is observed for ΦN2 > 1.2 sccm probably due to enhanced formation of VGa
at the applied growth conditions. The lowest linewidth of the D0XA emission (2.5meV)
was observed for the sample grown with and PN2 = 300W and ΦN2 = 1 sccm.
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5 Analysis of internal electric ﬁelds in AlN/GaN nanowire
heterostructures
The growth of GaN NDs embedded in AlxGa1−xN barriers enables the study of conﬁnement
eﬀects in NWHs. Compositional ﬂuctuations for x < 1 [98, 99] are avoided by using AlN
as the barrier material. Due to the large lattice mismatch between GaN and AlN (2.5%),
the resulting NDs and barriers are signiﬁcantly strained despite the strain relaxation in-
troduced by the NW geometry [100, 101]. The modiﬁcation of the carrier conﬁnement by
the resulting strain ﬁeld is the consequence [10, 102]. In addition, the PL emission from
the GaN NDs embedded in AlN is shifted below the GaN bandgap if the NDs exceed a
certain layer thickness [9, 103]. This behavior originates from the QCSE due to the strong
polarization-induced internal electric ﬁelds (cf. chapter 2). The QCSE does not only in-
ﬂuence the emission energy, the reduction of the electron and hole wavefunction overlap
also signiﬁcantly alters the carrier lifetimes. Therefore, a controlled manipulation of the
internal electric ﬁelds in AlN/GaN NDSLs facilitates the optimization of the performance
of (nano)-opto-electronic devices.
In this work, two approaches are used to alter the internal electric ﬁelds in 40x AlN/GaN
NDSLs. First, Ge-doping of the GaN NDs is applied to electrostatically screen the internal
electric ﬁelds by doping induced free carriers as presented in section 5.1. Secondly, the
thickness of the AlN barriers is varied to inﬂuence the strength of the internal electric
ﬁelds in the AlN/GaN NDSLs which will be discussed in section 5.2.
5.1 Doping-induced screening of internal electric ﬁelds
It has been shown that Si doping of GaN leads to the deterioration of the crystal quality at
high Si concentrations [104] and induces strong tapering in the case of GaN:Si NWs [60].
Screening of internal electric ﬁelds by free carriers was not observed in Si doped GaN
QDs, embedded in AlN barriers [105]. However, theory predicts electrostatic screening in
AlxGa1−xN/GaN QWs for suﬃciently high doping concentrations (n > 1019 cm−3) [106].
Germanium was found to be an excellent alternative to Si as an n-type dopant in GaN layers
[107,108] and recently also in GaN NWs [54]. In the case of NWs, Ge was incorporated in
concentrations above 1020 cm−3 [54] which resulted in free carrier concentrations well above
1019 cm−3 [109]. Even at those Ge-concentrations, no structural degradation was observed.
Single NW µ-PL measurements conducted on a n.i.d. and two Ge-doped ([Ge]= 2.8× 1018
and 1× 1020 cm−3) GaN NWs are presented in ﬁgure 5.1. Positions of the emissions from
the FXA, D0XASi and D
0XAO are marked by color coded dashed lines in ﬁgure 5.1. The
emission at 3.468(5) eV which is labeled D0XAGe in ﬁgure 5.1 was proposed to originate from
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Figure 5.1: Single NW µ-PL spectra of sample N1204270 (n.i.d.), sample N1204250 ([Ge] =
2.8 × 1018 cm−3) and sample N1204260 ([Ge] = 1 × 1020 cm−3). Emissions of the FXA
(black), D0XASi (light blue), D
0XAO (light green) and D
0XAGe (light red) are marked by dashed
lines. The data used for this ﬁgure has been previously published in Ref. [54].
excitons bound to neutral germanium donors due to its intensity increase with increasing
Ge-concentration [54]. Doping induced band gap renormalization can be ruled out as the
origin of this emission since neither the D0XASi nor the D
0XAO emission change in energy
upon Ge-doping. Hence, a localization energy Eloc,Ge of 9.5meV is found for the excition
localization at neutral germanium donor sites. An emission energy of 3.478 eV was assumed
for the FXA [110] tranistion to calculate Eloc,Ge. This corroborates the prediciction that
Ge forms shallow donor states in GaN [111].
Germanium doping of GaN NDs is employed in the following to achieve screening of the
internal electric ﬁelds. Fortyfold AlN/GaN NDSLs were grown withBEPGa = 3×10−7mbar
and BEPAl = 8 × 10−8mbar. The BEPGe was varied between 5 × 10−10mbar and 3 ×
10−9mbar suggesting a range of donor concentrations from 9×1019 cm−3 to 6.2× 1020 cm−3
according to Ref. [54]. However, the BEPGe is used in the following to describe the doping
level of the GaN NDs because the doping eﬃciency for thin GaN NDs (on the order of a few
nm) can diﬀer from that observed for the homogeneously doped NWs as it was presented
in Ref. [54].
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5.1.1 Structural analysis
The structural properties of single 40x AlN/GaN(:Ge) NDSLs were studied by STEM anal-
ysis1. Figure 5.2 displays HAADF images of two GaN NDSL structures, samples N1308210
(ﬁgure 5.2a) to ﬁgure 5.2c)) and N1308220 (ﬁgure 5.2d) to ﬁgure 5.2f)), respectively. The
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Figure 5.2: a) to c) TEM images of sample N1308210 (dND = 7.9 nm). d) to f) TEM images
of sample N1308220 (dND = 2.5 nm). While a) and d) show the whole NDSL structures,
enlarged images of the marked areas (blue and red) are displayed in b), c), e) and f),
respectively. The data used for this ﬁgure has been previously published in Ref. [112].
AlN appears in darker contrast compared to the GaN. In sample N1308210, the ND thick-
ness dND was determined to be (7.8± 1.1) nm, while dND=(2.5± 0.4) nm was measured for
sample N1308220. In addition, a third sample (N1308020) investigated by STEM exhibited
a dND of (3.8± 0.8) nm. For samples N1308020 and N1308210, a barrier thickness dbarrier of
(4.2± 0.6) nm was extracted. Magniﬁcations of the blue (red) framed regions in ﬁgure 5.2a)
and ﬁgure 5.2d) are shown in ﬁgure 5.2b) and ﬁgure 5.2e) (ﬁgure 5.2c) and ﬁgure 5.2f)). An
AlN shell is clearly visible from those images and accentuated by the white dashed lines.
This shell is smaller at the NW tip (around 1 nm) and reaches a value of approximately
10 nm at the NW base. Figure 5.3a) shows the BF-high resolution transmission electron
microscope (HRTEM) image of a NW from sample N1308210 (dND=(7.8± 1.1) nm). Mag-
niﬁcations that correspond to the regions framed in blue and green in ﬁgure 5.3a) are
1TEM experiments were conducted by Prof. Jordi Arbiol at ICREA and Institut de Ciència de Materials
de Barcelona,CSIC, Campus de la UAB, 08193 Bellaterra, CAT, Spain.
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displayed in ﬁgure 5.3c) and ﬁgure 5.3e). Red arrows denote the growth direction of the
NW. Gallium nitride NDs appear in dark contrast, whereas the AlN barriers and shell are
a)
b)
c)
e)
d)
f )
(0001)
(0001)
(1100)
(1102)
AlN
GaN
Figure 5.3: A HRTEM image of sample N1308210 (dND = 7.8 nm) is displayed in a).
Magniﬁed images of area marked by a blue (green) rectangle are shown in c) (e)). The power
spectrum of the green region is shown in b). Red arrows indicate the growth direction. The
(11¯00) and (0001¯) lattice planes were ﬁltered from the micrographs in c) and e), respectively.
These ﬁltered planes are shown in d) (f)) as an overlay to the framed region marked in c)
(image e)). Arrows in d) and f) highlight the position of some misﬁt dislocations.
represented by the brighter areas of the micrographs. The power spectrum of ﬁgure 5.3e)
which is displayed in ﬁgure 5.3b) reveals the epitaxial relationship between the AlN and
GaN segments that both grow along the (0001¯) direction. The morphology of the GaN NDs
and AlN barriers is clearly visible from ﬁgure 5.3e). Semipolar (11¯02) facets are introduced
by the AlN barriers while GaN NDs ﬁnish with a ﬂat (0001¯) plane. The latter indicates a
signiﬁcantly faster growth rate of GaN on {11¯02} surfaces. The magniﬁed HRTEM images
presented in ﬁgure 5.3c) and ﬁgure 5.3e) were ﬁltered to extract the (11¯00) and (0001¯)
planes, respectively. The ﬁltered lattice planes are shown in ﬁgure 5.3d) as a red overlay
to the yellow framed region in ﬁgure 5.3c) as well as an overlay to the whole image of
ﬁgure 5.3e) in ﬁgure 5.3f). Blue (yellow) arrows highlight the position of misﬁt disloca-
tions in ﬁgure 5.3 d) (ﬁgure 5.3 f)). No evidence of plastic strain relaxation was, however,
found for the sample with a small dND of (2.5± 0.4) nm indicating pseudomorphic growth
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of the GaN NDs in that case. Hence, the critical nanodisc thickness needed to accumulate
enough strain energy for plastic strain relaxation seems to be in the range of dND=2.5 nm
to 7.8 nm, in the case of the presented AlN/GaN NDSLs (dbarrier=4.2 nm). Furtmayr et
al. already observed the formation of misﬁt dislocation in samples with dND=2.5 nm [9].
In those experiments, the GaN NDs were, however, embedded in barriers of 7 nm AlN [9]
which enhances the compressive strain in the ND compared to the experiments presented
in the current work probably leading to a lower critical dND.
Fortyfold AlN/GaN NDSL ensembles were also analyzed by HRXRD to access information
about the superlattice parameters on an ensemble scale. For this purpose, symmetrical
ω-2θ-scans were performed. Figure 5.4 shows the diﬀractogram of sample N1307290 in red
and a corresponding simulation in blue. Satellite peaks (SLi) that correspond to reﬂec-
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Figure 5.4: ω-2θ diﬀractogram of sample N1307290 (red) and a corresponding simulation
(blue). Superlattice peaks are labeled, the order of the respective reﬂections are given in
brackets. The vertical dashed line highlights the position of the GaN reﬂex.
tions from the AlN/GaN NDSL are clearly visible up to the third order, in addition to the
GaN reﬂex at 2θ=34.58◦ . This reveals a homogeneous layer periodicity on the ensem-
ble scale. The X'Pert Epitaxy software package by PANalytical enables the simulation of
the ω-2θ diﬀractograms, based on dynamical diﬀraction theory. Results obtained by TEM
(dbarrier=4.2 nm) were used to calibrate the simulation input parameters, since the XRD
data only reveals reliable information on the superlattice periodicity. A ND (barrier) thick-
ness of 5.5 nm (4.1 nm) was used for the simulation shown in ﬁgure 5.4. Table 5.1 lists all
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the acquired ND and barrier thicknesses. The thickness of the AlN barriers remains nomi-
nally the same for all samples listed in table 5.1. Therefore, dND can be reliably calculated
Probe BEPGe [mbar] dND,XRD [nm] dbarrier,XRD dND,TEM [nm] dbarrier,TEM [nm]
N1303043 n.i.d. 3.62 4.22 − −
N1303063 5× 10−10 3.52 4.22 − −
N1303073 1× 10−9 3.22 4.22 − −
N1303083 1.5× 10−9 3.52 4.22 − −
N1307263 n.i.d. 3.7 4.22 − −
N1307290 n.i.d. 5.5 4.1 − −
N1307303 n.i.d. 6.12 4.22 − −
N1307313 n.i.d. 4.42 4.22 − −
N1308013 n.i.d. 6.42 4.22 − −
N1308020 8.7× 10−10 3.72 4.22 3.8± 0.8 4.2± 0.6
N1308023 8.7× 10−10 3.72 4.22 − −
N1308053 8.7× 10−10 5.12 4.22 − −
N1308063 8.7× 10−10 6.62 4.22 − −
N1308160 n.i.d. 1.9 3.7 − −
N1308210 8.7× 10−10 82 4.22 7.8± 1.1 4.2± 0.6
N1308213 8.7× 10−10 7.92 4.22 − −
N1308220 8.7× 10−10 2.32 4.22 2.5± 0.4 −
N1308223 8.7× 10−10 2.7 4 − −
N1312113 n.i.d. 2 4.1 − −
N1312123 n.i.d. 3.2 4.2 − −
N1312130 3× 10−9 3.4 3.8 − −
Table 5.1: Summary of the structural parameters of the investigated 40x AlN/GaN(:Ge)
NDSLs. The barrier thicknesses were extracted from XRD di,XRD and TEM di,TEM mea-
surements, respectively.
taking the AlN barrier thickness determined by TEM into account. All further mentioned
values of dND and dbarrier are based on the data obtained by HRXRD analysis.
5.1.2 Optical analysis
The optical properties of the 40x AlN/GaN NDSLs were analyzed by PL spectroscopy.
Both, CW- and TR-PL measurements were performed. Setup A (cf. section 3.4) was used
for the CW-PL analysis. Figure 5.5 displays the low temperature (4K) PL spectra of
undoped (ﬁgure 5.5a)) and Ge-doped (ﬁgure 5.5b)) GaN NDs embedded in AlN barriers.
2Calculated from layer periodicity assuming dbarrier = 4.2 nm which was measured by TEM analysis on
samples N1308020 and N1308210.
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Nominally, dbarrier was kept constant at 4 nm (measured values are listed in table 5.1) and
dND was varied. In the case of Ge-doping, dND was kept constant at nominally 4 nm and the
BEPGe was varied. It is evident that the introduction of the GaN ND stack signiﬁcantly
broadens and blue shifts (≈ 4meV) the D0XA emission of the GaN base compared to the PL
spectrum of a n.i.d. GaN NW ensemble due to compressive strain exerted by the AlN shell
(yellow in ﬁgure 5.5a)). The ND transition energy is smaller than the GaN NBE emission
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Figure 5.5: PL spectra of the undoped GaN ND samples N1312113 (dND = 2.3 nm, blue),
N1303043 (dND = 3.6 nm, green) and N1307313 (dND = 4.4 nm, red) are shown in a). Also,
the ensemble spectrum of a n.i.d. GaN NW sample (N140820) was added for comparison.
The spectra of the Ge-doped samples N1303043 (n.i.d., dND = 3.6 nm, red), N1303063
(BEPGe = 5× 10−10mbar, dND = 3.5 nm, green) and N1303073 (BEPGe = 1× 10−9mbar,
dND = 3.2 nm, blue) are displayed in b). All spectra in b) were normalized to the ND
emission. Data used for b) has previously been published in Ref. [112].
energy, demonstrating the inﬂuence of the QCSE (cf. chapter 2) in the 40x AlN/GaN
NDSLs. For samples with dND > 2.3 nm and BEPGe < 1× 10−9mbar, an additional broad
transition band in the range of 3.1 eV to 3.3 eV is visible in the spectra shown in ﬁgure 5.5
(gray arrows). In GaN NWs which are not surrounded by an AlN shell, an emission
band at 3.215 eV was assigned to recombinations of excitons trapped by dislocations in the
coalescence region of neighboring NWs (cf. chapter 4, section 4.3.2). Due to its energetic
position at 3.1 eV to 3.3 eV, the transition band observed in the ND samples might be due
to excitons trapped at dislocations at the interface between the GaN base and the AlN
shell. A successive red shift of the ND emission is observed with increasing dND which
amounts to 640meV when dND is changed from 2.3 nm to 4.4 nm. In addition, the strong
red shift is accompanied by a decrease of the ND PL intensity with respect to the GaN base
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emission (ﬁgure 5.5a)). An enhanced QCSE for larger values of dND is the origin of this
observation. The PL signal of the NDs, however, signiﬁcantly blue shifts with increasing
BEPGe (constant dND) as demonstrated by the PL spectra in ﬁgure 5.5b). The evolution
of the peak energy with BEPGe is shown in ﬁgure 5.6a). Error bars in the latter represent
the FWHM of the respective emission. The emission energy of the GaN NDs is blue shifted
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Figure 5.6: The evolution of the ND PL emission with increasing BEPGe is depicted in
a). Error bars represent the FWHM of the respective luminescence signals. The shift of
the ND emission, relative to its position for an excitation power of 0.25µW, is displayed
for excitation powers of 25µW (red), 250µW (green) and 500µW (blue) in dependence
on BEPGe, in b). Dashed colored lines were added in both graphics to serve as a guide to
the eye and a dashed horizontal line is given at the energy of the D0XA emission in GaN
(3.472 eV). The data that was used in a) and b) has been published in Ref. [112].
from 2.67 eV (n.i.d.) to 3.3 eV (BEPGe = 3 × 10−9mbar) upon Ge-doping, however, it
remains below the D0XA energy (dashed line in ﬁgure 5.6a)). A saturation of the blue shift
is observed above BEPGe = 1× 10−9mbar which corresponds to a dopant concentration of
2 × 1020 cm−3, according to Ref. [54]. These results already imply signiﬁcant screening of
the internal electric ﬁelds by Ge-doping of the GaN NDs. Band gap renormalization [113]
eﬀects were not observed by Schäfer et al. in homogeneously Ge-doped GaN NWs up
to free carrier concentrations of 5× 1019 cm−3 [109]. However, a superposition of band
gap renormalization and the Burstein-Moss shift might also lead to the observed behavior
of the ND emission energy. In the present case, a comparison of the measurements and
calculations of the transition energies of the GaN:Ge NDs suggest carrier concentrations
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above 1020 cm−3 [114]. Hence, exchange interaction of carriers probably plays a dominant
role in attenuation of the doping-induced blue shift of the ND PL emission. Furthermore,
the free carrier concentration might still not suﬃce to fully screen the internal electric ﬁelds.
Electrostatic screening of the polarization-induced ﬁelds in the GaN NDs should also be
observed when the optical power for the PL excitation is increased. The shift of the
ND emission due to screening by photo-excited carriers (λexc. = 266nm) as a function of
the BEPGe is depicted in ﬁgure 5.6b)3. The reference value was obtained at an optical
pumping power of 0.25µW and the excitation power was increased up to 500µW. All
samples exhibit an increasing blue shift of the ND PL with increasing excitation power.
Therefore, full screening of the internal electric ﬁelds is not achieved, even for the highest
doping concentrations. However, the relative shift of the PL signal due to the presence
of photo-excited carriers is reduced for increasing BEPGe which implies that a higher
concentration of free carriers is already present at high dopant concentrations. In addition,
the eﬀect of Ge-doping on the dependence of the ND luminescence energy on dND was
analyzed. A nominal barrier thickness of 4 nm was used. The results are summarized in
ﬁgure 5.7. The emission energy of the n.i.d. GaN NDs is shifted above the GaN bandgap
for dND < 2 nm. Larger values of dND lead to the aforementioned strong decrease of the
luminescence energy, signiﬁcantly below the GaN NBE regime (dashed horizontal line in
ﬁgure 5.7). This red shift is much more pronounced for undoped samples (blue and yellow
symbols) than for those containing Ge-doped GaN NDs (BEPGe = 8.7 × 10−10mbar),
conﬁrming the screening of internal electric ﬁelds by free carriers in the doped samples.
However, further proof is required to unambiguously assign the observed behavior of the
ND PL to the electrostatic screening of the internal electric ﬁelds. The observed blue shift
of the PL peak energy upon Ge-doping is expected to be accompanied by an increase of the
oscillator strength when the QCSE is attenuated. TR-PL measurements were performed to
assess this relation. Figure 5.8 presents the temperature dependence of the luminescence
decay times in the GaN NDs4. A n.i.d. sample as well as samples doped with BEPGe =
5×10−10mbar to 1.5×10−9mbar were used. Data of a n.i.d. QW was added for comparison.
Detailed information about the measurement setup is given in Ref. [115]. At T = 4K, the
PL decay time of n.i.d. GaN NDs is found to be one order of magnitude higher (τ =4µs)
than that of n.i.d. QWs (τ =0.3µs). The high temperature stability of the PL decay times
of the ND samples (∆τ = ±10%) compared to the QW sample demonstrates excellent
3D conﬁnement in the NDs with a negligible inﬂuence of non-radiative recombination. An
3Measurements were performed by Dr. Nils Rosemann and Prof. Dr. Sangam Chatterjee.
4Measurements were performed by Dr. Mark Beeler, Dr. Joel Bleuse, Caroline Lim and Dr. EvaMonroy
at the CEA Grenoble (INAC/SP2M).
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Figure 5.7: The dependence of the ND PL peak energy on dND is shown. Red circles represent
data obtained on n.i.d. NDs while blue circles correspond to samples in which the NDs were
doped with BEPGe = 8.7 × 10−10mbar. The yellow diamonds are datapoints taken from
Ref. [9] which where measured on 9x GaN NDs embedded in AlN barriers. Dashed colored
lines were added to serve as a guide to the eye and a black dashed horizontal line is drawn
at the energy of the D0XA emission of GaN (3.472 eV). The data used for this ﬁgure was
already published in Ref. [112].
increase of BEPGe to 1× 10−9mbar leads to a reduction of the observed decay time from
4µs to 57 ns. This is also the range were the largest doping-induced blue shift of the ND
emission (∆E = 530meV) was observed (cf. ﬁgure 5.6a)). Further increase of BEPGe
to 1.5 × 10−9mbar only slightly reduces the carrier lifetime to 40 ns. Together with the
observed blue shift of the PL emission peak, the strong decrease of the carrier lifetime with
increasing Ge concentration clearly demonstrates the electrostatic screening of the internal
electric ﬁelds in 40x AlN/GaN(:Ge) NDSLs which leads to an attenuation of the QCSE in
these structures.
The origin of the unusually large luminescence decay times of the NDSLs in the µs range
originate from radial carrier separation due to the existence of lateral electric ﬁelds in the
GaN NDs which further reduce the oscillator strength in those structures. An in depth
discussion based on nextnano3 simulations is presented in Ref. [115]. Some examples of
band proﬁles calculated with nextnano3 are shown in section 5.3.
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Figure 5.8: Temperature dependence of the PL decay times of samples N1303040 (n.i.d.,
dark red), N1303060 (BEPGe = 5 × 10−10mbar, light red), N1303070 (BEPGe = 1 ×
10−9mbar, light blue) and N1303080 (BEPGe = 1.5× 10−9mbar, dark blue). Decay times
measured on a n.i.d. QW (yellow) emitting at a similar energy as the n.i.d. AlN/GaN
NDSL was added for comparison. The color coded emission energies correspond to the ND
luminescence of the respective samples. Dashed colored lines were added as a guide to the
eyes. The used data has been previously published in Ref. [115].
5.2 Inﬂuence of the AlN barrier thickness on internal electric ﬁelds
Another approach to reduce the internal electric ﬁelds in polar AlN/GaN NWHs is the intro-
duction of the recently suggested Internal Field Guarded Active Region Design (IFGARD)
[35]. Within the IFGARD model, the drop of the electrostatic potential which is usually
observed in the active GaN region is shifted to the barrier material. This is achieved by
reducing the thickness of the barrier material, thus bringing the oppositely charged barrier
interfaces closer together. Hence, the electric ﬁeld strength and thereby the QCSE are
reduced in, exempli gratia, a GaN QW while the internal electric ﬁeld strength is increased
in the AlN barriers.
A series of samples with varying AlN barrier thickness (dND = 4nm) was grown to ex-
perimentally assess the eﬀect of IFGARD on 40x AlN/GaN NDSLs. A summary of the
structural parameters of the investigated NWHs is given in table 5.2. Barrier and ND
thicknesses di were determined by simulating the XRD ω-2θ-scans using the X'Pert Expi-
taxy software by PANalytical. As in section 5.1.1, TEM analysis was used to calibrate the
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Probe dND,XRD [nm] dbarrier,XRD barrier relaxation [%]
N1603020 4.8 0.85 0
N1602250 4.2 1.7 20
N1602150 4.2 4.1 90
N1602290 4.1 5.8 100
Table 5.2: Summary of the structural parameters of the 40x AlN/GaN NDSLs for IFGARD
experiments.
initial simulation parameters. One of the simulation parameters is the relaxation degree
of the individual layers in the simulated superlattice. Assuming nominally relaxed NDs,
the relaxation of the AlN barriers increases from 0 to 100% when dbarrier is increased from
0.85 nm to 5.8 nm. However, an error of several percent has to be assumed for those simu-
lations due to simpliﬁcations made by the software. For example, the lateral AlN shell and
strain relaxation at the NW sidewalls cannot be included in the X'Pert Expitaxy software
which has a signiﬁcant eﬀect on the strain distribution in the ND stack [9]. Hence, the
actual strain in the GaN NDs will be larger compared to the simulations, whereas the AlN
barriers are probably less strained due to elastic strain relaxation at the NW sidewalls.
The simulations, therefore, only reveal the trend of the strain evolution in the NDSL with
dbarrier and do not give reliable values for the actual strain in the system.
Optical investigation of the 40x AlN/GaN NDSLs were conducted by low temperature PL
spectroscopy. Figure 5.9a) displays the low temperature PL spectra of the 40x AlN/GaN
NDSLs with varying dbarrier5. All spectra were normalized to the ND emission intensity to
highlight the eﬀect of dbarrier. A strong blue shift of the ND emission energy from 2.75 eV
(dbarrier = 5.58nm) to 3.34 eV (dbarrier = 0.85nm) is observed. This blue shift is accom-
panied by the successive reduction of the FWHM of the ND luminescence from 680meV
(dbarrier = 5.58nm) to 77meV (dbarrier = 0.85nm). The values of the FWHM were obtained
by ﬁtting a single Voigt function to the emission maximum of the spectrum. Hence, the
FWHM determined for sample N1602290 (dbarrier = 5.58nm) is presumably underestimated
as a second emission is visible in the high energy shoulder of the respective spectrum. The
blue shift of the ND luminescence energy with decreasing dbarrier is a clear indication for
the reduction of the internal electric ﬁelds.
Again, an unambigous assignment of the PL energy blue shift with decreasing dbarrier to a
5All PL experiments that are presented in this section were conducted by Sarah Kristina Schlichting and
Dr. Gordon Callsen in the group of Prof. AxelHoﬀmann at the Institut für Festkörperphysik of the
Technische Universität Berlin.
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Figure 5.9: Low temperature PL spectra of 40x AlN/GaN NDSLs with varying dbarrier are dis-
played in a). The spectra were recorded on samples N1602290 (dbarrier = 5.8 nm), N1602150
(dbarrier = 4.1 nm), N1602250 (dbarrier = 1.7 nm) and N1603020 (dbarrier = 0.85 nm). All
data was normalized to the ND emission. Figure b) depicts the dependence of τ on dbarrier.
Luminescence decay times were measured at the peak energies of the spectra shown in a).
reduction of the internal electric ﬁeld strength requires the demonstration of an accompa-
nying increase of the oscillator strength. Therefore, TR-PL experiments were carried out
to measure the variation of the luminescence lifetime τ with dbarrier. Figure 5.9b) depicts
the dependence of τ on dbarrier for the samples corresponding to the spectra shown in ﬁgure
5.9a). A decrease of τ s is observed with decreasing dbarrier which conﬁrms the reduction of
the interal electric ﬁelds by the application of IFGARD [35] to AlN/GaN NDSLs.
5.3 Comparison
In this section, the screening of internal electric ﬁelds by Ge-doping of the GaN NDs (cf.
section 5.1) and the applicaton of IFGARD to NDSLs (cf. section 5.2) are compared. All
data used in this section corresponds to samples presented in table 5.1 and table 5.2 and
is based on the data shown in ﬁgure 5.6a), ﬁgure 5.8 and ﬁgure 5.9. Figure 5.10a) de-
picts the shift of the PL peak energy ∆EPL as a function of dbarrier and BEPGe relative
to the samples with a nominal barrier thickness of 4 nm (N1602150) and BEPGe = 0mbar
(N1303043). Similar slopes of ∆EPL are observed in the ranges of dBarrier = 0.85nm to
4 nm and BEPGe = 0mbar to 1 × 10−9mbar. Higher values of BEPGe and dbarrier lead to
shallower slopes of ∆EPL . Figure 5.10b) shows the depedence of the normalized lumines-
cence decay time τ on the parameters BEPGe and dbarrier. Again, decreasing dbarrier and
increasing BEPGe signiﬁcantly reduces the luminescence decay time up to 5% and 1%
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Figure 5.10: a) Relative shift of the ND PL energy ∆EPL in dependence of dbarrier (blue
symbols, bottom abscissa) and BEPGe (red symbols, top abscissa). b) Normalized lumines-
cence decay time τ as a function of dbarrier (blue symbols, bottom abscissa) and BEPGe (red
symbols, top abscissa). Values of the n.i.d. GaN NDs with dbarrier = 4 nm were used as
reference data in ﬁgures a) and b). Dashed lines were added to guide the eye.
of the value observed for the samples grown with a nominal barrier thickness of 4 nm and
BEPGe = 0mbar. The luminescence decay time also decreases more rapidly with increasing
BEPGe compared to a decrease of dbarrier. Hence, despite the apparent attenuation of the
internal electric ﬁelds by either doping-induced free carriers or the application of IFGARD,
both approaches have diﬀerent eﬀects on the optical properties. To illustrate, the diﬀerence
between those to approaches, nextnano3 simulations are used. The results from the calcu-
lations published in Ref. [115] are used to describe the eﬀect of free-carrier screening on
the internal electric ﬁelds6 and will be qualitatively compared to simulations that were per-
formed to understand the eﬀect of IFGARD on AlN/GaN NDSLs7. Schematics of the input
structures used in the calculations are presented in ﬁgure 5.11. The simulation parame-
ters corresponding to simulations based on Input A and Input B are listed in appendix
A.4. A lateral AlN shell was taken into account in all simulations, however, a constant
shell thickness of 5 nm was used for Input A (constant dbarrier) while rlateral/raxial = 5%
has been used in simulations according to Input B (variation of dbarrier), in agreement with
the STEM investigations presented in section 5.1. The growth of the AlN shell leads to
6Simulation results by courtesy of Dr. Eva Monroy.
7Simulation results by courtesy of Jan Müßener.
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Input A
Input B
Air
AlN
GaN
Figure 5.11: Input A: Schematic of the input structure used for the calculations of the
doping-induced screening. Input B: Schematic of the input structure used for the calcu-
lations illustrating the eﬀect of IFGARD. GaN is shown in black, AlN in white and the
surrounding air volume in red.
an inhomogeneous radial and axial strain distribution in the GaN NDs which gives rise to
non-zero shear strain components xz and xz resulting in the radial separation of electrons
and holes by a radial electric ﬁeld. For extensive studies on the eﬀect of strain on the radial
carrier conﬁnment in polar GaN ND, the reader is referred to Refs. [7, 911]. Truncation
of the AlN barriers accounted for using Input A has a negligible eﬀect on the radial posi-
tion of electrons and holes [115]. A ND thickness of 4 nm was used in all simulations and
dbarrier was kept constant at 4 nm for simulations according to Input A while it was varied
for the simulations according to Input B. Figure 5.12a) and ﬁgure 5.12b) depict the axial
CB and valence band (VB) proﬁles for a ND in the center of the stack for diﬀerent free
carrier concentrations n and diﬀerent values of dbarrier, respectively. A carrier concentra-
tion of 1.7 × 1020 cm−3 transforms the sawtooth band proﬁle (homogeneous electric ﬁeld)
into a s-shaped proﬁle (inhomogeneous electric ﬁeld). Electron and hole wavefunctions are,
however, still located at the bottom and top interfaces, respectively [115]. In comparison,
decreasing dbarrier does not modify the shape of the band proﬁles (only homogeneous elec-
tric ﬁelds). A reduction of the slope of the band edges with decreasing dbarrier is observed
due to a reduction of the internal electric ﬁeld strength. Figure 5.13a) and ﬁgure 5.13b)
depict the lateral band proﬁles of a n.i.d. ND with dbarrier = 4nm calculated according to
Input A and Input B, respectively. Both simulations show the lateral separation of electrons
and holes due to radial electric ﬁelds (arrows in ﬁgure 5.13). However, this eﬀect is more
pronounced in the case of simulation according to Input A due to radial electric ﬁelds in
the range of several hundred meV compared to a ﬁeld strength of only several ten meV
when using Input B. The diﬀerent radial electric ﬁeld strengths are due to the diﬀerent
input parameters used in these calculations (cf. appendix A.4). Close to the ND/shell
interface, the strain-induced band gap increase inside the ND additionally separates the
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Figure 5.12: a) Axial CB and VB proﬁles for a n.i.d. GaN ND (red) and a ND with a free
carrier concentration of 1.7× 1020 cm−3 (blue) according to Input A. b) Axial band proﬁles
for simulations of ND embedded in AlN barriers with diﬀerent dbarrier according to Input B.
Data used in a) was previously published in Ref. [115].
holes from this interface. Upon doping, the radial electric ﬁelds are eﬃciently screened and
the holes are located in the ND center, radially aligning electrons and holes (ﬁgure 5.13c)).
However, no qualitative change is observed upon a decrease of dbarrier to 2 nm in a n.i.d.
GaN ND (ﬁgure 5.13d)). The holes move even closer to the lateral ND/shell interface for
lower values of dbarrier indicating a weaker eﬀect of strain-conﬁnement due to a thinner AlN
shell.
Based on the results of the simulations, the observed blue shift of the ND PL emission (cf.
ﬁgure 5.10a)) is assigned to a reduction of the internal electric ﬁelds in axial direction. For
high doping levels (BEPGe > 1×10−9mbar), eﬀects due to high n (exempli gratia band gap
renormalization) seem to attenuate the blue shift of the emission energy (cf. ﬁgure 5.10a)).
In contrast, the blue shift of the ND emission energy by IFGARD is only limited by the
minimum of the experimentally accessible values of dbarrier. The signiﬁcant reduction of the
ND PL decay time in n.i.d. samples with decreasing dbarrier is also explained by the decrease
of the axial electric ﬁeld strenght. However, only doping-induced screening allows to shield
the lateral and axial electric ﬁelds simultaneously which explains the rapid reduction of
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Figure 5.13: a) Lateral band proﬁles of a n.i.d. structure calculated according to Input A.
b) Lateral band proﬁles of a ND with dbarrier = 4 nm calculated according to Input B. c)
Lateral band proﬁles of a doped ND with n = 1.7× 1020 cm−3 calculated according to Input
A. d) Lateral band proﬁles of a ND with dbarrier = 2 nm calculated according to Input B. The
lateral position of electrons (blue) and holes (red) are highlighted by arrows and the lateral
ND/shell interface is marked by vertical dashed lines. In addition, the lateral position of the
holes for dbarrier = 2 nm is indicated by gray arrows in b). A magniﬁcation of the VB edge
is shown as an insert in d). Data used in a) and c) was previously published in Ref. [115].
the luminescence decay time with BEPGe compared to the samples grown according to
the IFGARD approach (cf. ﬁgure 5.10b)). Consequently, a combination of both sample
designs is expected to further improve the eﬃciency of optical devices based on AlN/GaN
NDSLs. Doping concentrations in the range of n ≈ 1019 cm−3 are needed to fully screen the
radial electric ﬁelds [115] which are probably achieved at BEPGe = 1×10−9mbar [109]. To
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maximize the electron and hole recombination probability, dbarrier should then be chosen as
low as possible.
5.4 Conclusion
Germanium doping of GaN NDs is suitable to achieve signiﬁcant electrostatic screening of
internal electric ﬁelds in polar 40x AlN/GaN NDSLs, as it allows the realization of high free
carrier concentrations (n > 1019 cm−3). In n.i.d. GaN NDs, the lateral separation of photo-
excited carriers in addition to the axial QCSE leads to an increase of the carrier lifetimes
by more than one order of magnitude in comparison to n.i.d. 2D QWs. Furthermore, the
decay times are rather constant up to room temperature which is due to eﬃcient 3D carrier
conﬁnement by the inhomogeneous radial strain distribution in the NDs. For structural
analysis, the high homogeneity of the superlattice periodicity in the analyzed samples
enabled the determination of dND and dbarrier by XRD analysis.
Structures with constant dND and diﬀerent dbarrier were fabricated to study the eﬀect of the
IFGARD on the PL properties of 40x AlN/GaN NDSLs. A strong inﬂuence of dbarrier on
the ND emission energy and linewidth was observed. A blue shift and decreasing lifetime of
the ND luminescence with decreasing dbarrier was attributed to the accompanying reduction
of the axial internal electric ﬁeld strength. In contrast to the doping-induced screening, the
lateral electric ﬁelds are not reduced in the IFGARD samples.
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The most prominent application of InxGa1-xN is in the ﬁeld of solid state lighting which has
also been acknowledged by awarding the Nobel Prize in Physics 2014 to Isamu Akasaki,
Hiroshi Amano and Shuji Nakamura "for the invention of eﬃcient blue light-emitting diodes
which has enabled bright and energy-saving white light sources"1. Besides the developement
of nano-LEDs [116], the possibility of tuning the band gap of InxGa1-xN from the UV
(350 nm; x = 0) to the IR (1600 nm; x = 1) motivated the development of various NW-
based device prototypes. The solar-to-hydrogen conversion by InxGa1-xN/GaN NWHs has
been demonstrated [117, 118]. Also, the PL response of the latter to changes of the pH in
liquid solutions [23] as well as the presence of H2, hydrocarbons [24] and oxidizing gases [25]
was studied. The operation temperature of such devices is often above 100 ◦C to enhance
the desorption of water and other adsorbates. Hence, an intense PL of the InxGa1-xN region
is needed to ensure a suﬃciently large signal-to-noise ratio at such high temperatures. The
growth conditions of InxGa1-xN/GaN NWHs are discussed in this chapter focusing primarily
on the inﬂuence of the atom source operating parameters on the structural and optical
properties. Optimized growth parameters were used to fabricate 10x InxGa1-xN/GaN NDs.
6.1 Inﬂuence of the atom source operating parameters
Growth of high quality, high In content InxGa1−xN is challenged by the relatively low de-
composition temperature of InN (565 ◦C [26]) and the presence of compositional ﬂuctuations
in the material [119]. The latter arises from spinodal decomposition of InxGa1−xN [120122]
due to its large miscibility gap [27], the strain-induced lattice pulling eﬀect [89, 123125]
and facet-dependent In incorporation [126128]. Increasing ΦN2 during the PAMBE growth
of InxGa1−xN has been predicted to have a stabilizing eﬀect on the In-N bonds [129].
The model of Turski et al. was in line with the experimentally observed In content of
InxGa1−xN layers (x < 0.2) [129]. However, the main parameters that have been used to
adjust the In concentration in InxGa1−xN NWs are the substrate temperature [119,124,130]
and the In/Ga ﬂux ratio [120, 124, 131, 132]. Reports about the eﬀect of the atom source
operating parameters on the structural and optical properties of InxGa1−xN NWs grown
by PAMBE are scarce. Recently, Albert et al. investigated the inﬂuence of ΦN2 on the
growth of InxGa1−xN/GaN NWHs [89]. A model explaining the morphological evolution of
InxGa1−xN NWHs with ΦN2 was proposed. The latter was based on the assumption that
the NW diameter adjusts during growth to achieve local stoichiometric conditions at the
growth front [89]. Also, Albert and coworkers observed a red shift of the InxGa1−xN photo-
1https://www.nobelprize.org/nobel_prizes/physics/laureates/2014/, last visited Jan. 30th 2017.
65
6 InxGa1−xN/GaN nanowire heterostructures
luminescence with increasing ΦN2 which is in line with the model of Turski et al. mentioned
earlier [129]. As discussed in chapter 4, atomic nitrogen can also drive the decomposition
of the growing III-nitride material [74]. This eﬀect is expected to be even more pronounced
in the case of InxGa1−xN compared to GaN which is due to the smaller InN binding energy
(1.98 eV [36]) compared to the one of GaN (2.2 eV [36]).
Therefore, an in-depth analysis of the inﬂuence of the atom source operating parameter
on the structural and optical properties of InxGa1−xN grown on GaN NW templates is
presented in this section. The analysis of the plasma composition by studying the emission
spectra of the nitrogen discharge in the atom source was already presented in chapter 4,
section 4.4.1. It will also be used for the discussion of the results which are presented in
this section.
6.1.1 Growth and structural analysis
Table 6.1 summarizes the InxGa1−xN growth parameters of the studied samples. The
sample PN2 [W] ΦN2 [sccm] Theater [◦C]
N1404250 400 0.4 500
N1404251 400 0.4 500
N1502201 400 0.4 486
N1405050 400 0.8 498
N1405082 400 1.6 496
N1405120 400 3.2 498
N1405121 400 3.2 498
N1405232 200 1.6 496
N1405193 300 1.6 501
N1405163 500 1.6 495
Table 6.1: Growth parameters of the InxGa1−xN region of the InxGa1−xN/GaN NWHs stud-
ied in this section.
samples were grown with diﬀerent ΦN2 at constant PN2, and vice versa. In table 6.1,
the varied parameter is printed in bold letters. Nominally, 350 nm of InxGa1−xN was
grown on top of GaN NWs with a nominal length of 300 nm. The InxGa1−xN was grown
with a constant In/Ga ratio (BEPGa = 1.4 × 10−7mbar, BEPIn = 1.3 × 10−7mbar).
Diﬀerent values of ΦN2 (0.4 sccm to 3.2 sccm) and PN2 (200W to 500W) were were used
for the growth of the InxGa1−xN segment. The nominal growth temperature measured
with a pyrometer was 650 ◦C. The corresponding heater temperature Theater is also given
in table 6.1. Structural analysis of the samples was carried out by SEM, TEM and XRD
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analysis.
Figure 6.1 depicts the top and side view SEM images of samples grown with diﬀerent
ΦN2. An increase of ΦN2 from 0.4 sccm to 0.8 sccm (PN2 = 400W) leads to a change in
0.4 sccm
N1404250
0.4 sccm
N1404250
0.8 scc
N1405050
0.8 scc
N1405050
3.2 sccm
N1405120
a)
3.2 sccm
N1405120
b) c)
d) e) f)
Figure 6.1: SEM top view images of samples grown with a) ΦN2 = 0.4 sccm, b) ΦN2 =
0.8 sccm and c) ΦN2 = 3.2 sccm are shown. Corresponding side view images are depicted
in d), e) and f). All samples were grown with PN2 = 400W. Polar (0001¯) surfaces are
highlighted in red, semi-polar (101¯l¯) surfaces in green and non-polar (101¯0) planes in blue.
The sample numbers are given in the respective images.
morphology of the NW tip. Prismatically shaped NWs with ﬂat (0001¯) surfaces (highlighted
red) and straight m-plane side facets (highlighted blue) are obtained for ΦN2 = 0.4 sccm
(ﬁgure 6.1a) and ﬁgure 6.1d)), while semi-polar (101¯l¯) facets are introduced at the NW
tip for ΦN2 = 0.8 sccm (green in ﬁgure 6.1b)) and in ﬁgure 6.1e). A similar morphology
is observed for a further increase of ΦN2 to 3.2 sccm, with the inclination starting earlier
during the growth with a steeper angle compared to ΦN2 = 0.8 sccm. The latter leads to a
reduced diameter of the (0001¯) planes at the NW tip (cf. ﬁgure 6.1c)). These observations
are in line with the model proposed by Albert et al. [89]. According to this model, the
decrease of the NW tip radius increases the eﬀective metal ﬂux by diﬀusion of adatoms
from the sidewalls to the growth front to keep a constant III/V ratio. An increase of the
InxGa1−xN growth rate from 4.2 nm/min to 6.5 nm/min is observed upon an increase of ΦN2
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from 0.4 sccm to 1.6 sccm, assuming a 300 nm GaN NW base for all investigated samples.
Further increase of ΦN2 to 3.2 sccm leads to a decrease of the growth rate to 4.9 nm/min
similar to the GaN NW samples grown at high nitrogen ﬂuxes which was assigned to
hindered adatom diﬀusion by an increasing amount of inert N2 (cf. section 4.4.2).
A variation of PN2 did not systematically inﬂuence NW morphology or the growth rate.
Single NWs of samples N1404251 (PN2 = 400W, ΦN2 = 0.4 sccm; ﬁgure 6.2a) and ﬁgure
6.2b)) and N1405193 (PN2 = 300W, ΦN2 = 1.6 sccm; ﬁgure 6.2c) and ﬁgure 6.2d)) were
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Figure 6.2: HAADF Z-contrast TEM images of SNWs from sample N1404251 (ΦN2 =
0.4 sccm, PN2 = 400W) in a) and b) as well as sample N1405193 (ΦN2 = 1.6 sccm, PN2 =
300W) in c) and d), are depicted. A magnifcation of the framed region in a) is shown in b).
Horizontal lines indicate the interface between regions of diﬀerent mean In concentrations
which were determined for the colored framed details. An intensity linescan along the blue
arrow in b) is displayed in e). The interfaces are marked by vertical dashed lines. Atomic
resolution is achieved for the image in d) which corresponds to the tip region of a NW from
sample N1405193. An intensity linescan was taken along the direction of the red arrow and
is displayed in f). The arrow highlights the intensity change of two neighboring InxGa1−xN
bilayers.
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additionally analyzed by HAADF Z-contrast imaging2. The TEM images of the entire NWs,
which are shown in ﬁgure 6.2a) and ﬁgure 6.2c), exhibit a clear contrast diﬀerence between
the GaN NW base (dark) and InxGa1−xN top part (bright). Tourbot et al. reported the
observation of In-enriched cores in similar InxGa1−xN/GaN NW structures analysed by
electron tomography [125]. This was also found in EDX analysis of the present samples
(ﬁgure 6.3a)) and in Refs. [117, 122, 124, 133]. Most of the NWs dispersed on the TEM
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Figure 6.3: Figure a) displays the HAADF image of the tip of a NW from sample N1405193
together with the EDX mappings of nitrogen (yellow), gallium (red) and indium (green).
The dashed line in the latter three images highlights the outline of the NW shown in the
HAADF image. Another HAADF image of a NW from sample N1405193 is displayed below
the graph in b). The graph presents the EDX determined In content that was measured along
the yellow arrow overlayed to the TEM image.
grid did, however, exhibit a weaker contrast diﬀerence between the GaN base and the
InxGa1−xN top. This indicates a rather low In concentration throughout the whole NW
despite of In being present during the growth. An exemplary linescan of the In content
(determined by EDX) in one of these NWs is depicted in ﬁgure 6.3b). The linescan was
obtained along the growth direction (yellow arrow) overlayed to the HAADF TEM image
shown below the graph. According to this measurement, the analyzed NW consists of a
GaN base with a length of 225 nm which is covered by 350 nm In0.1Ga0.9N followed by a
gradual increase of the In content to a value around 40% within the top 50 nm of the NW.
2TEM analysis and intensity calculations were performed by Dr. Katharina Gries in the group of Prof.
Kerstin Volz at the Faculty of Physics and Materials Science Center of the Philipps-Universität Marburg.
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This observation can be explained by the lattice pulling eﬀect mentioned before and was,
exempli gratia, also observed by Tabata and coworkers [124]. They also found a relatively
low In concentration of 10% along the NW growth axis and observed a strong increase of
[In] up to 40% in the last 100 nm of the NW [124].
Figure 6.2b) and ﬁgure 6.2d) depict the magniﬁcation of the framed region in ﬁgure 6.2a)
and the tip of a NW from sample N1405193 (PN2 = 300W; ΦN2 = 1.6 sccm), respectively.
An intensity linescan along the blue arrow in ﬁgure 6.2b) is shown in ﬁgure 6.2e). Three
regions of diﬀerent intensity (In content) can be identiﬁed from the linescan which are
separated by horizontal dashed lines in ﬁgure 6.2b). The bottom region corresponds to
the GaN NW base whereas the upper two regions correspond to InxGa1−xN segments with
diﬀerent mean In concentrations despite of nominally identical growth conditions. Higher
intensities in the HAADF TEM images indicate a higher In content. Especially, the upper
part of the NW displayed in ﬁgure 6.15b) shows an inhomogeneous intensity distribution
(cf. ﬁgure 6.15e)) which indicates ﬂuctuations of the In content. This is also evident from
ﬁgure 6.2d), where the bilayers of the InxGa1−xN crystal are well resolved. The intensity
linescan shown in ﬁgure 6.2f) was taken along the direction of the arrow in ﬁgure 6.2d). It
visualizes the intensity ﬂuctuations up several 10% (arrow in ﬁgure 6.2f)) from one bilayer
to the next. This is a clear indication of InN/GaN phase separation due to the afore
mentioned spinodal decomposition of the crystal [122].
A model developed by Rosenauer and Schowalter was used to assess the mean In concen-
trations in the framed regions of ﬁgure 6.2b) [52]. The HAADF TEM signal intensity which
depends on the NW thickness and the mass of the elements in the analyzed sample region
was calculated according to this model. Figure 6.4 depicts the results of simulations for
hexagonal InxGa1−xN taking values up to x = 0.5 into account2. The calculations were
performed for the electron beam being parallel to the (1¯100) and (112¯0) zone axis of the
wurtzite lattice. Only the latter is displayed exemplary in ﬁgure 6.4. The simulations
were compared to the measured intensities of several NWs that showed a clear intensity
contrast between the GaN NW base and the InxGa1−xN capping. The former was used
as an intensity reference for x = 0 (yellow frame in ﬁgure 6.2b)). For the NW depicted
in ﬁgure 6.2b), a comparison to the calculations yielded In concentrations of 10% (green
frame) and 30% (red frame), respectively. A slight tapering of the NW in ﬁgure 6.2b) is
visible. The variation of the NW diameter by 5 nm (cf. horizontal line in ﬁgure 6.4) already
leads to a decrease of the determined In content by 10%. Therefore, this method rather
yields a rough estimate of the real In content in the InxGa1−xN NWs. The NWs also tend
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Figure 6.4: Calculations of the HAADF intensity in [112¯0] direction in dependence on
the sample thickness. The simulations were performed for diﬀerent In contents x. The
horziontal line indicates a sample thickness variation of 5 nm.
to agglomerate during the sample preparation3 and the coalescence of neighboring NWs is
signiﬁcantly enhanced due to the low substrate temperatures (cf. SEM top view images
in ﬁgure 6.1). In addition, one of the zone axis' of the NWs ((1¯100) or (112¯0)) has to be
precisely aligned with the electron beam for the model to be applicable. Hence, only a few
NWs could be analyzed which prevented a systematic evaluation of the dependence of the
In content on PN2 and ΦN2. Nevertheless, Indium concentrations up to 50% were measured
in individual NWs. This is in contrast to the NWs exhibiting In contents of 10% for the
most part of their InxGa1−xN segment.
Conclusively, the signiﬁcant HAADF intensity ﬂuctuations in the InxGa1−xN part of in-
dividual NWs demonstrate strong variations of the In content down to the nm scale in
SNWs. Additionally, the In content ﬂuctuates from NW to NW and many NWs exhibit a
segment of low In content (x ≈ 10%) with a length of several 100 nm while only the NW
tip (< 100nm) shows x > 30%.
HRXRD reciprocal space maps (RSMs) were used to analyze the structural properties of
InxGa1−xN/GaN NW ensembles. Figure 6.5a) and ﬁgure 6.5b) show the RSMs of samples
N1502201 (PN2 = 400W, ΦN2 = 0.4 sccm) and N1405121 (PN2 = 400W, ΦN2 = 3.2 sccm),
respectively. To directly access the lattice parameters, the RSMs were converted to real
3NWs were either ﬁrst suspended in isopropylalcohol or directly scratched onto a carbon grid for TEM
analysis.
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Figure 6.5: RSMs of the asymmetric (101¯5¯) reﬂex are depicted after the conversion to real
space units. The in plane (out of plane) lattice parameter is given on the abscissa (ordinate).
Data shown in a) was obtained on sample N1502201 (PN2 = 400W, ΦN2 = 0.4 sccm)
whereas the measurements for b) were performed on sample N1405121 (PN2 = 400W,
ΦN2 = 3.2 sccm). Black dashed lines indicate the limits of fully strained (vertical line) and
fully relaxed (tilted line) InxGa1−xN. The two lines cross at the reﬂex of the GaN NW
base. Additionaly, isoconcentration lines were added to the graphics for x=5% (red), 10%
(orange) and 15% (green).
space. The abscissa gives the in-plane lattice parameter while the out of plane lattice
parameter is plotted on the ordinate. Both RSMs exhibit a GaN reﬂex which is broadened
due to the NW morphology. The NWs do not grow perfectly perpendicular to the surface
normal of the Si(111) substrate, probably due to the amorphous SixNy layer which forms
before GaN NW nucleation [60]. No distinct InxGa1−xN related peak was observed for the
sample grown with ΦN2 = 0.4 sccm (ﬁgure 6.5a)). However, signiﬁcant intensity towards
low In concentrations was detected in the shoulder of the GaN reﬂection. In contrast,
raising ΦN2 to 3.2 sccm gives rise to a signal with an intensity maximum indicating x=5%
to 10% (ﬁgure 6.5b)). No systematic deviation from the latter measurement is found for
samples grown within the parameter ranges of ΦN2 = 0.8 sccm to 3.2 sccm (PN2 = 400W)
and PN2 = 200W to 500W (ΦN2 = 1.6 sccm). An unambiguous conclusion concerning the
strain state of the InxGa1−xN top segment cannot be drawn as the peak is very broad,
crossing both reference lines (fully strained and fully relaxed) in ﬁgure 6.5b).
The morphological and structural analysis of InxGa1−xN/GaN NWHs grown under diﬀerent
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atom source operating parameters (ΦN2 and PN2) are shortly summarized in the following:
• An increase of ΦN2 leads to the formation of semi-polar facets at the NW tip.
• Long segments (several 100 nm) of low In content (x ≤ 10%) were observed in the
NWs by EDX analysis, in agreement with the conducted XRD experiments. The In
content increases to more than 30% in the top 50 nm to 100 nm of the NWs.
• TEM analysis revealed an inhomogeneous In distribution in SNWs and In content
ﬂuctuations from NW to NW.
6.1.2 Photoluminescence spectroscopy
The optical properties of the InxGa1−xN/GaN NWHs (cf. table 6.1) were investigated on
an ensemble (CW- and TR-PL) and SNW level (CW-PL).
Figure 6.6a) shows the low temperature PL spectra of the samples grown at diﬀerent
ΦN2 (PN2 = 400W) and the spectra of SNWs from sample N1605083 (ΦN2 = 1.6 sccm)
are depicted in ﬁgure 6.6b). Increasing ΦN2 and thereby increasing the nitrogen partial
pressure p(N2) and decreasing n(N)/n(N∗2) (cf. chapter 4, section 4.4.1) successively red
shifts the emission maximum from 2.48 eV (ΦN2 = 0.4 sccm) to 2.1 eV (ΦN2 = 3.2 sccm),
corresponding to a change of the local In content from 27.8% to 39.4%, respectively.
Calcuations of the In content were based on the assumption that the emission energy
represents the local band gap energy which allows the application of equation 2.1 using
the parameters listed in Ref. [18]. The deviation of the PL data from the XRD results is
in line with the assumption of potential ﬂuctuations due to local In accumulation acting
as radiative recombination centers. In the following, the In concentration x will be given
according to the value calculated for the PL emission maxima. The systematic increase
of the local In concentration with increasing nitrogen partial pressure is in accordance
with previous reports [89]. Between 3.3 eV (x = 5%) and 2.9 eV (x = 15%), the PL
emission expected for the In concentration extracted from XRD measurements is found.
The related emission intensity is more than one order of magnitude lower than the emission
from the In-rich regions in the NW, demonstrating eﬃcient collection of photo-excited
carriers by the potential minima in the InxGa1−xN. A change of the spectral shape of the
PL spectra is observed in addition to the red shift with increasing ΦN2. A single emission
peak is recorded for sample N1404252 (ΦN2 = 0.4 sccm) while the spectra of the other
samples (ΦN2 > 0.4 sccm) exhibit an additional emission in the high energy shoulder of the
respective emission maximum. Therefore, SNW PL analysis was performed to elucidate
the origin of this change in spectral shape. Figure 6.6 b) displays the spectrum of the
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Figure 6.6: a) Low temperature PL spectra of samples N1404252 (ΦN2 = 0.4 sccm),
N1405053 (ΦN2 = 0.8 sccm), N1405083 (ΦN2 = 1.6 sccm) and N1405121 (ΦN2 = 3.2 sccm).
All samples were grown with PN2 = 400W. b) The SNW PL spectra of four NWs from
sample N1405083 (PN2 = 400W, ΦN2 = 1.6 sccm) are compared to the ensemble spectrum
(blue). All spectra were normalized to the emission maximum and a logarithmic scale was
chosen for the ordinate in a). In the latter, arrows indicate the increase of ΦN2 (black)
and the nitrogen partial pressure (PN2) as well as the respective ratio of activated nitrogen
species (gray). The spectral range of the PL expected from the results of the XRD analysis
is marked by the gray area.
ensemble measurement performed on sample N1405083 (ΦN2 = 1.6 sccm) and the SNW PL
spectra of four NWs from the same sample. All SNW spectra exhibit several sharp emission
lines (FWHM≤ 10meV) corroborating the assignment of the PL emission to local In-rich
regions. In addition, NW #4 features two emission bands which are separated by more
than 100meV due to the signiﬁcant ﬂuctuations of the In content within one NW. However,
none of the SNW spectra resembles the shape of the spectrum which was recorded on the
NW ensemble. Conclusively, the ensemble's spectral shape is due to the strong ﬂuctuations
of the In content from NW to NW and the existence of two or more regions with diﬀerent
In concentrations in one NW.
Figure 6.7 depicts the low temperature ensemble PL spectra of the samples grown with
diﬀerent PN2 at constant ΦN2 = 1.6 sccm. No systematic dependence of the emission
energy on PN2 is detected. A signiﬁcant decrease of the emission intensity over the whole
InxGa1−xN emission range is observed upon an increase of PN2. Therefore, an increase of
n(N)/n(N∗2) does not seem to aﬀect the In incorporation but increases the non-radiative
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Figure 6.7: Low temperature PL spectra of samples N1405230 (PN2 = 200W), N1405193
(PN2 = 300W), N1405083 (PN2 = 400W) and N1405160 (PN2 = 500W). All samples were
grown with ΦN2 = 1.6 sccm. The measured intensity is plotted in a) while all spectra shown
in b) were normalized to the respective emission maxima to highlight the inﬂuence of PN2
on the high energy emission shoulder. Arrows indicate the increase of PN2 (black) as well
as the respective ratio of activated nitrogen species (gray). The spectral range of the PL
emission expected from the results of the XRD analysis is marked by the gray area.
recombination rate in InxGa1−xN/GaN NWHs. The relative intensity decrease of the main
emission and of the luminescence marked by Egap,XRD with increasing PN2 is the same as
evident from the normalized spectra shown in ﬁgure 6.7b). However, the relative emission
intensity of the high energy shoulder in the main emission peak increases with increasing
PN2. This indicates that the density of non-radiative defects increases faster with increasing
n(N)/n(N∗2) in those NWs that exhibit larger local In contents contributing to the main
emission peak compared to those NWs with lower local In contents that contribute to the
high energy shoulder of the ensemble spectrum.
Temperature dependent photoluminescence
Temperature dependent PL measurements were performed to gain insight into thermally
activated mechanisms like carrier delocalization from potential ﬂuctuations and thermally
activated quenching of the PL. In addtion, the internal quantum eﬃciency (IQE) can be
estimated by comparison of integrated intensities at diﬀerent temperatures. Figure 6.8a)
depicts the PL spectra recorded on sample N1405230 (PN2 = 200W, ΦN2 = 1.6 sccm) in the
temperature range from 4K to 300K. The main luminescence peak quenches relatively fast
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Figure 6.8: a) PL spectra recorded on sample N1405230 (PN2 = 200W, ΦN2 = 1.6 sccm) at
temperatures ranging from 4K to 300K. Arrows indicate the evolution of the contributing
emissions with increasing temperature. b) Corresponding Arrhenius plot of the integrated
PL intensity of the measurements shown in a). Measured data is represented by symbols
and a ﬁt to those data points is shown in red.
in comparison to the emission at slightly higher energies. The latter dominates the spectrum
at temperatures above 130K. This is in line with the previous assumption of a higher density
of non-radiative defects in vicinity of regions with higher local In content. The evolution
of the PL spectra with temperature is qualitatively the same for all investigated samples.
However, reliable deconvolution of the spectra was not possible over the whole temperature
range due to the overlap of the high and low energy emissions at temperatures > 130K.
and is therefore omitted. An Arrhenius plot of the integrated PL intensity of the spectra
shown in ﬁgure 6.8a) is depicted in ﬁgure 6.8b). The data points were ﬁtted with a double
exponential function according to
I(T ) =
A
1 +B exp Eloc
kbT
+ C exp
Equench
kbT
(6.1)
The activation energies for delocalization of photo-excited carriers from potential ﬂuctua-
tions (Eloc) as well as the energy necessary for thermal quenching of the PL (Equench) are
obtained from the ﬁt [134]. No physical meaning is extracted from the parameters A, B and
C. Since the low energy emission dominates the spectra at lower energies, Eloc is mainly
associated to the quenching of the PL emission from regions of high local In content. Above
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100K, the emission around 2.5 eV (at T = 4K) dominates the spectra and, therefore, the
Equench is mainly determined by the quenching of this emission. Redistribution of carri-
ers from regions of high local In content (low emission energy) to regions of low local In
content (high emission energy) was observed in temperature dependent PL measurements
performed on SNWs (ﬁgure 6.9). One NW exhibiting its emission band at the energy of
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Figure 6.9: Temperature dependent PL measurements performed on a single NW of sample
a) N1405083 (PN2 = 400W, ΦN2 = 1.6 sccm) and b) N1405120 (PN2 = 400W, ΦN2 =
3.2 sccm). A spectrum recorded at 4K on the respective NW ensembles was added for
comparison.
the main emission (high energy emission) was chosen for ﬁgure 6.9a) (ﬁgure 6.9b)). The
energetic position of the emission bands remain relatively constant over the investigated
temperature ranges. However, sharp emission features disappear with increasing temper-
ature due to the additional thermal energy of the carriers and the formation of a broad
emission band with a single peak is observed in ﬁgure 6.9a) and ﬁgure 6.9b). Hence, the
observed temperature dependence of the PL of the NW ensemble is due to the diﬀerent
quenching behavior of the PL of SNWs emitting at diﬀerent energies. Based on the mea-
surements performed on NW ensembles, ﬁgure 6.10a) and ﬁgure 6.10b) depict the IQE and
both activation energies as a function of ΦN2 (PN2 = 400W) and PN2 (ΦN2 = 1.6 sccm),
respectively. The IQE was estimated according to
IQE =
I300K
I4K
(6.2)
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Figure 6.10: Activation energies Eloc, Equench and IQE in dependence on a) ΦN2 (PN2 =
400W) and b) PN2 (ΦN2 = 1.6 sccm). Dashed lines were added as guides to the eye.
In equation 6.2, I300K corresponds to the integrated PL intensity at 300K and I4K to its
value obtained at 4K. Increasing ΦN2 during the InxGa1−xN growth leads to an increase of
Eloc and Equench. The increasing local In content due to the increase of the nitrogen partial
pressure, hence, leads to an enhanced carrier localization. It also enlarges the energy barrier
for photo-excited carriers to reach non-radiative recombination centers. Consequently, the
IQE successively rises with an increase of ΦN2 from 2.8% at ΦN2 = 0.4 sccm to 6.7% at
ΦN2 = 3.2 sccm in agreement with previous reports on InxGa1−xN/GaN NWHs [29, 135].
In contrast to a variation of ΦN2, Eloc and Equench remain constant (ﬁgure 6.10b)) when
only PN2 is changed despite of the signiﬁcant reduction of the PL intensity with increasing
PN2. The carrier localization does not change because the In content is not aﬀected since
the peak energy does not change with a variation of PN2. In addition, the type of non-
radiative defects that are responsible for the quenching of the PL does not change over
the investigated range of PN2 because of the relatively unaﬀected Equench in the range from
50meV to 56meV. However, the IQE increases with PN2 from 3.5% at PN2 = 200W
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to 7.8% at PN2 = 500W despite of the signiﬁcant decrease of the PL intensity that was
observed for the same increase of PN2 (ﬁgure 6.7a)). The explanation is given by the relative
intensity increase of the PL peak in the high energy shoulder of the main emission with
increasing PN2 (ﬁgure 6.7b)). This emission is much more temperature stable as evident
from the measurements presented in ﬁgure 6.8a). Hence, the increasing contribution of
the emission around 2.5 eV to the overall spectrum leads to an increase of the IQE with
increasing PN2. Samples grown at lower PN2, however, still have a signiﬁcantly higher overall
intensity at 300K in direct comparison to those grown at higher PN2 which is favorable for
the device fabrication.
Time resolved photoluminescence
The CW-PL experiments suggest that the density of non-radiative defects is increased
with increasing PN2 (increasing amount of atomic nitrogen, cf. chapter 4, section 4.4.1).
Time resolved PL spectroscopy was carried out to further assess this assumption4. Fig-
ure 6.11a) shows the low temperature PL spectrum of sample N1405053 (PN2 = 400W,
ΦN2 = 0.8 sccm). Transients of the PL intensity recorded at the colored energy ranges are
depicted in ﬁgure 6.11b). The carrier lifetimes decrease with increasing emission energy
1 . 8 2 . 0 2 . 2 2 . 4 2 . 6 2 . 8 3 . 0 3 . 2
P N 2  =  4 0 0  W
 N 2  =  3 . 2  s c c m
T  =  4 K3 2 5  n m
nor
m P
L in
ten
sity
 [ar
b. u
nits
]
e n e r g y  [ e V ]
0 2 0 0 4 0 0 6 0 0
T  =  1 0  K
 2 . 1  e V  -  2 . 2  e V 2 . 4  e V  -  2 . 5  e V 2 . 6  e V  -  2 . 7  e V
t i n i t i a l
P N 2  =  4 0 0  W
 N 2  =  3 . 2  s c c m
P e x c  =  1 0 0  µ W2 7 6  n m
PL 
Inte
nsit
y [a
rb. 
uni
ts]
T i m e  [ p s ]
t f i n a l
Figure 6.11: The low temperature PL spectrum of sample N1405053 is depicted in a). Graph
b) displays the PL intensity transients recorded in the energy ranges that are highlighted by
the corresponding colors in a). Dashed lines indicate the contributions of the two lumines-
cence decay times described in the text.
4The TR-PL experiments were carried out by Dr. Nils Rosemann and Vanessa Dahmen in the group of
Prof. Dr. Sangam Chatterjee at the Faculty of Physics and Materials Science Center of the Philipps-
Universität Marburg.
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which is a common observation in InxGa1−xN NWs due to exciton localization at local
In accumulations [136]. This demonstrates that photo-excited carriers exhibit diﬀusion
lengths that are large enough to reach regions of high local In contents in the NWHs. A
double exponential model was used to ﬁt the transient data that was measured on the
InxGa1−xN/GaN NWHs yielding a fast (τinitial) and slow (τﬁnal) time constant. Figure 6.12
illustrates the recombination dynamics for times t shortly after the excitation pulse and
after the carrier relaxation process ﬁnished. The shorter τinitial (cf. ﬁgure 6.11b)) reveals
E
ECB
t < τinitial  τinitial < t < τnal
non-radiative
defects
Figure 6.12: Schematic of the recombination dynamics shortly after the excitation pulse t <
τinitial and after the carrier relaxation process τinitial < t < τﬁnal. The conduction band edge
of InxGa1−xN is sketched together with energy levels of deep non-radiative recombination
centers (orange). Fluctuations of the band gap due to an inhomogeneous In distribution
were taken into account.
information about the relaxation of the carriers after photo-excitation where all recombi-
nation centers are available to the excited carriers leading to a rapid decrease of the PL
intensity. Non-radiative recombination centers are quickly saturated (τinitial < t < τﬁnal in
ﬁgure 6.12) and radiative recombination becomes the dominant process which is character-
ized by the larger time constant τﬁnal (ﬁgure 6.11b)). However, both carrier lifetimes are
aﬀected when the density of non-radiative defects increases due to a non-zero transistion
probability of relaxed carriers to non-radiative defects (dashed arrow in ﬁgure 6.12). Fig-
ure 6.13a) displays the normalized low temperature PL spectra of the samples that contain
InxGa1−xN grown at diﬀerent nitrogen ﬂuxes. The PL decay times of the emission maxima
were analysed in the marked energy ranges in dependence on the excitation power. Those
results are depicted in ﬁgure 6.13b). Individually, a decrease of the carrier lifetimes is
observed for high excitation powers (Pexc > 1000µW) which is due to an enhanced carrier-
carrier scattering. The shorter lifetime τinitial is on the order of several 10 to 100 ps while
the slower τﬁnal is in the range of 0.8 to 1 ns (Pexc = 20W). These values are in the same
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Figure 6.13: a) Low temperature PL spectra of the samples grown with diﬀerent nitrogen
ﬂuxes. The investigated spectral ranges are marked by brackets. In b), the corresponding
decay times τﬁnal and τinitial are depicted as a funtion of the optical pumping power Pexc.
order of magnitude but by approximately a factor of ﬁve lower than those reported for
other InxGa1−xN NWs [136, 137]. Neither τinitial nor τﬁnal show a clear trend concerning
ΦN2 similar to the results obtained for the PL intensity. Hence, an increase of the local
In content by stabilization of the In-N bonds due to an increase of the nitrogen partial
pressure does not systematically introduce non-radiative defects.
The PL lifetimes measured for samples grown with diﬀerent forward powers PN2 are shown
as a function of the optical pumping power Pexc in ﬁgure 6.14. All samples were grown with
ΦN2 = 1.6 sccm. A decrease of τﬁnal with increasing PN2 is observed over the whole range of
investigated excitation powers. At Pexc = 100W, values of τﬁnal = 1.26ns and 0.72 ns were
obtained for samples N1405232 (PN2 = 200W) and N1405160 (PN2 = 500W), respectively.
For an increase of Pexc to 660µW, τinitial increases while it drops below 100 ps for all samples
upon a further increase of t Pexc. Assuming τinitial to be correlated to the process of carrier
relaxation directly links it to the exciton diﬀusion time τdiﬀ in the semiconductor. The
diﬀusion length is calculated according to equation 6.3.
Ldiﬀ =
√
D · τdiﬀ (6.3)
Increasing τinitial consequently results in the increase of the diﬀusion length assuming a
constant diﬀusion coeﬃcient D. Therefore, the increase of τinitial with an increase of the
81
6 InxGa1−xN/GaN nanowire heterostructures
0 . 4
0 . 8
1 . 2  N 2  =  1 . 6  s c c m    1 0  K
 
 
t fina
l [ns
]
1 0 1 0 0 1 0 0 0
5 0
1 0 0
1 5 0
2 0 0
   t in
itial
 [ps
]
 2 0 0  W 3 0 0  W 4 0 0  W 5 0 0  W
P e x c  [ µ W ]
Figure 6.14: Decay times of the main InxGa1−xN luminescence of samples grown with dif-
ferent PN2 (ΦN2).
excitation power indicates a saturation of radiative recombination centers as carriers have
to be transported over larger distances to be localized at potential minima. The increase
of τinitial (Ldiﬀ) is more pronounced for samples grown with lower PN2 as indicated by
colored dashed lines in ﬁgure 6.14. This points to a decrease of the density of available
recombination centers with decreasing PN2.
Conclusively, the reduction of the luminescence decay times and diﬀusion lengths, together,
with the decrease of the PL intensity by more than one order of magnitude (cf. ﬁgure 6.7a))
demonstrates the signiﬁcant increase of the density of non-radiative recombination centers
when the relative amount of atomic N (PN2) is increased for the growth of InxGa1−xN NWs.
Hence, damage induced by atomic N introduces additional non-radiative recombination
centers in the InxGa1−xN segment of the NWs. This is due to the high reactivity of atomic
N compared to excited molecular N2 and the metastable growth conditions of InxGa1−xN
during PAMBE [91]. The atomic N does not only drive the formation reaction of Ga-/In-N
bonds but also facilitates the decomposition reaction which has already been observed in
GaN growth experiments [138]. This is probably due to the large diﬀerence in binding
energies of GaN (2.2 eV) and InN (1.98 eV) [36] compared to the strong triple bond of
N2 (9.81 eV) [139]. Ptak. et al. observed a signiﬁcant decrease (increase) of the carrier
mobility (concentration) for layers grown with a high amount of atomic nitrogen which was
associated to the enhanced formation of point defects. Van de Walle et al. performed ﬁrst
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principle calculations of the formation energies of point defects in GaN [96]. They found
similar formation energies of the investigated defects independent of the growth conditions
being Ga- or N-rich. Results for InN are qualitatively comparable to those obtained for
GaN [140]. The lowest formation energy was found for the VN [96] which has been ascribed
to the afore mentioned high binding energy of the N2 molecule [140]. The decrease of
luminescence decay times and emission intensity in the present InxGa1−xN/GaN NWHs
is, therefore, assigned to non-radiative recombination channels introduced by VN at higher
ﬂuxes of atomic N. This is in line with electrical and optical characterization of electron
irradiated GaN layers published by Look et al. [97]. They found a donor with an activation
energy of 70meV which does not show a PL line and assigned it to VN [97].
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6.2 InxGa1−xN/GaN nanodisc superlattices
Tenfold InxGa1−xN NDs embedded in GaN barriers were grown to study carrier conﬁnement
in the active InxGa1−xN material. The NWHs were grown using the optimized growth
process described in the previous section. A nominal substrate temperature of 630 ◦C was
used for the growth of the NDSL that was placed on top of a 700 nm GaN NW template.
The atom source operating parameters were set to PN2 = 300W and ΦN2 = 1.6 sccm and
a BEPGa (BEPIn) of 1.4 × 10−7mbar (1.3 × 10−7mbar) was used. Only the growth time
of the NDs (tND) was varied to study the eﬀect of the ND thickness (dND) on the carrier
conﬁnement. The growth of the superlattice stack commenced with a GaN barrier after
the substrate temperature was reduced to the InxGa1−xN growth temperature. Structural
characterization of the samples was performed by BF TEM and HAADF STEM analysis
while the optical properties have been assessed by PL spectroscopy. A list of the samples
is given in table 6.2.
sample tND dND [nm] dbarrier [nm]
N1503050 0.65 4 9
N1605090 0.2 1.7 8.2
N1605230 0.3 1.95
N1605060 0.4 3 8.1
N1605050 0.6 3.75
N1605040 0.8 4.4 9
Table 6.2: Growth parameters of the 10x InxGa1−xN/GaN ND structures studied in this
section.
6.2.1 Electron microscopy
Three samples (N1605040, tND = 0.8min; N1605060, tND = 0.4min and N1605090, tND =
0.2min) were analyzed by BF TEM to assess information about the structural properties
of the NDSLs. Figure 6.15a) and ﬁgure 6.15b) display TEM images of sample N1605040,
ﬁgure 6.15c) and ﬁgure 6.15d) depict images of sample N1605090. The thickness of the
NDs (dND) was measured in the ND center and a growth rate of (6.2 ± 0.8) nm/min was
determined for the InxGa1−xN NDs (ﬁgure 6.16). This growth rate was used to calculate
dND of the samples that have not been investigated by TEM (cf. table 6.2). A truncation
of the GaN (bright contrast) barriers introducing semipolar side facets is observed in both
5Calculated from growth rate obtained from TEM measurements on samples N1605040, N1605060 and
N1605090.
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Figure 6.15: TEM images of samples N1605040 are shown in a) and b) while c) and d)
were taken on NWs from sample N1605090. The magnifcation of the framed region in a)
is shown in b). ND thicknesses (dND) were measured in the center of the NDs as indicated
in b). A yellow circle highlights the region of a splitted ND. In c), the position of some
stacking faults are marked by arrows. A NW without stacking faults is shown in d). The
outer facets of the NDs are highlighted by dashed lines. Vertical lines mark the lateral
position of the transition from the -c-planes to the semipolar facets of the NDs.
samples, similar to the growth of the AlN barriers in the AlN/GaN NDSLs discussed in
chapter 5. This faceting is partially compensated during the growth of the InxGa1−xN
leading to a nearly pure (0001¯) top interfaces of the NDs for dND = 4.4 nm indicating
faster growth on the semipolar sidefacets compared to the polar surface (cf. framed region
in ﬁgure 6.15b)). Theoretical investigations have shown that In prefers low coordination
sites available on the semipolar facets which might explain the observed faster growth on
these planes [141] corroborated by the results of Kehagias et al. who observed a similar
ND morphology with higher In contents on the semipolar sidefacets [127]. In addition, the
NDSLs were grown by switching the beam of In atoms on and oﬀ for the growth of the NDs
and barriers, respectively, keeping the Ga ﬂux constant. Hence, the metal ﬂux decreased
during the growth of the barrier material which results in a lower III/V ratio that can lead
to a decrease of the NW tip radius (cf. section 6.1).
In samples with dND = 1.7 nm, the NDs adopt the morphology of the barriers exhibiting
a homogeneous InxGa1−xN thickness over the entire ND radius (ﬁgure 6.15d)). As a con-
sequence, the NW tip radius decreases from the ﬁrst to the last ND. Hence, the ﬁrst ND
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Figure 6.16: The mean measured dND (symbols) as a function of the ND growth time. Error
bars amount to the maximum total deviation of measurements from the mean values. A
linear regression was performed which revealed the ND growth rate.
in the stack exhibits a perfectly ﬂat (0001¯) orientation over the whole ND diameter and
the inclination angle of the semipolar sidefacets increases for later grown NDs. In addtion,
the lateral extension of the (0001¯) segment decreases for consecutively grown NDs as in-
dicated by the vertical lines in ﬁgure 6.15d). This has also been observed during TEM
investigations that were performed on similar samples by Kehagias et al. [127].
Due to the low growth temperature required for the In incorporation basal plane stacking
faults (BSFs) are formed in the GaN barriers and InxGa1−xN NDs (arrows in ﬁgure 6.15c)).
However, these BSFs were only found in some of the InxGa1−xN/GaN ND structures.
False conclusions are easily drawn from TEM images like those presented. These images
are the result of a projection of the whole NW structure and do not necessarily represent a
thin slice (< 1 nm) through the middle of a NW. The vizualization of the latter is, however,
possible by HAADF STEM tomography6. A single NW of sample N1503050 was attached
to a tungsten tip allowing a 360 ◦ view of the sample [142]. Figure 6.17a) depicts the SEM
image of a NW that has been attached to a W tip. Pracitcally, the sample was tilted from
-90◦ to 82 ◦ which enabled a detailed reconstruction of the whole hexagnoal NW structure
presented in ﬁgure 6.17b). An in depth description of the sample preparation and the
applied tomography method is given in Ref. [142]. The same basic ND morphology as in
the projected BF TEM images (ﬁgure 6.15) is observed when a 0.37 nm thin slice of the
reconstructed NW is analyzed (ﬁgure 6.17c)). An increasing inclination of the outer (101¯l¯)
6Measurements and evalutaion of the following data on HAADF STEM tomography of sample N1503050
were performed by Julian Schlechtweg and Dr. Katharina Gries in the group of Prof. Kerstin Volz at
the Faculty of Physics and Materials Science Center of the Philipps-Universität Marburg.
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Figure 6.17: a) SEM image of a NW of sample N1503050 attached to a W tip. Image
b) displays the reconstructed NW and c) shows a thin slice (0.37 nm) through the middle
section of the NW. The latter was taken along an a-plane perpendicular to the NW sidewalls
as indicated by the dashed line in b). Semipolar (101¯l¯) sidefacets are marked by dashed lines
and the rectangle highlights the split of the NDs. Data presented in a) to c) has already
been submitted for publication in Ref. [142]. d) to f) Schematic of the formation of a ND
exhibiting a split into a semipolar sidefacet and a polar -c-plane.
facets of the InxGa1−xN NDs is observed as indicated by dashed lines in ﬁgure 6.17c). The
fourth ND of the investigated NW exhibits a (101¯3¯) facet (inclination angle of 32.04◦) while
the second to last ND has a steeper (101¯2¯) facet (inclination angle of 43.19◦). In addition,
some NDs exhibit a split into a semipolar sidefacet (lower barrier/ND interface) and the
continuation of the center (0001¯) plane (upper ND/barrier interface). This has already been
observed in projected TEM images, exempli gratia, in ﬁgure 6.15b) (yellow circle) and in
Ref. [127] but projection errors can now be excluded due to the tomographic reconstruction
of the NW. However, not all of the NDs show this split which suggests that the origin of
this structural anomaly is localized. In addition, the split was only observed in the samples
with a ND thickness of at least 4 nm. Indium incorporation is favorable on the semipolar
sidefacets due to a low N coordination [141] and the resulting minimum in accumulated
strain energy [143]. However, under N-rich conditions In is either incorporated into the
crystal (lower III/V ratio) or acts as a surfactant (higher III/V ratio) depending on the
actual III/V ratio during growth [141]. After the formation of a nucleation layer (ﬁgure
6.17e)) In accumulation at the semipolar sidefacets might reduce the III/V ratio until the
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surfactant behavior prevails leading to the formation of a low In content interlayer (orange
in ﬁgure 6.17f)). At some point of the ND growth, a polar (0001¯) surface is established
over the entire ND due to the higher growth rate on the semipolar facets and the In is
distributed more evenly over the surface. This results in a decrease of the local III/V ratio
favoring In incorporation again which might yield the observed split of the NDs (ﬁgure
6.17g)).
6.2.2 Photoluminescence spectroscopy
The optical properties of the InxGa1−xN/GaN ND samples were investigated by CW-
and TR-PL spectroscopy. Figure 6.18a) depicts the low temperature PL spectra of a
370 nm InxGa1−xN reference (black line) and those of 10x InxGa1−xN/GaN NDSLs that
were grown with diﬀerent dND. The spectra were recorded using Setup B (cf. chapter 1,
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Figure 6.18: Low temperature PL spectra of a 370 nm InxGa1−xN reference (N160429,
black line) and ﬁve 10x InxGa1−xN/GaN ND samples (N1605040, dND = 4.4 nm;
N1605050, dND = 3.7 nm; N1605060, dND = 3 nm; N1605230, dND = 1.9 nm; N1605090,
dND = 1.7 nm) are shown in a). The band gap of cubic GaN is marked by a dashed line [144].
All spectra were normalized to the InxGa1−xN emission. The dependence of the ND PL
peak position on dND is displayed in b) and the dark blue dashed line represents a function
∝ 1/d2ND that converges to 2.59 eV (light blue line).
section 3.4). Luminescence from the GaN NW base is observed at high energies (> 3.4 eV)
and the InxGa1−xN reference exhibits main emission peaks at 2.1 eV ([In]= 39%) and
2.27 eV ([In]= 34%), respectively. Additionally, weaker emissions at 1.7 eV and 1.8 eV are
observed due to ﬂuctuations of the In content. The emission energy increases upon the
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introduction of NDs and successively further increases when dND is decreased from 4.4 nm
(2.64 eV) to 1.7 nm (3.15 eV). Figure 6.18b) depicts the dependence of the ND PL peak
energy on dND. A good agreement to a 1/d2ND function converging to 2.59 eV is observed.
This behavior indicates the successful formation of conﬁned states in the InxGa1−xN NDs
as well as a lower mean In content of 24% in the NDs compared to [In]> 30% in the
reference sample.
Sample N1605040 (dND = 4.4 nm) also shows signiﬁcant emission in the energy range of the
reference sample at 2.09 eV. A combination of carrier localization at potential ﬂuctuations
due to an inhomogeneous In distribution and the conﬁnement of carriers in ND states
might be the explanation for this observation as illustrated in ﬁgure 6.19. In those NDs not
xaxial
xlateral
dsp
dND
xcenter
GaN barrier/shell
low [In] matrix
local [In] ≈ 24 %
high local [In]
xsw xlateral
E
ECB
xcenterxsw
ENDEfluc
Figure 6.19: a) Schematic of the In distribution in an InxGa1−xN ND (light blue) embedded
in GaN (gray). Laterally, the ND is sketched from the NW center xcenter to one of the NW
sidewalls xsw. The thicknesses in the center of the ND dND and at the lateral ND/shell
interface dsp are labeled together with color coded regions of diﬀerent In content. b) CB
edge for the ND depicted in a). A conﬁned state is represented by the white dashed line.
Arrows indicate the carrier relaxation to available radiative recombination channels.
showing the discussed split morphology (cf. section 6.2.1), truncation of the NDs introduced
by the GaN barriers is compensated for dND ≥ 4 nm due to faster growth on the semipolar
facets. The ND thickness at the ND/shell interface dsp is, therefore, larger than dND in the
ND center (ﬁgure 6.19a)). Since the supplied In favors the low coordination sites on the
semipolar sidefacets, the formation of In-rich regions is expected to occur near the lateral
ND/shell interface at a critical value dsp = dcrit > dND. Accordingly, the luminescence of
the ND (END = 2.64 eV) in sample N1605040 (dND = 4.4 nm, red spectrum in ﬁgure 6.18) is
assigned to quantum conﬁned states in the center of the ND (ﬁgure 6.19b)). Consequently,
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the low energy emission at Eﬂuc = 2.09 eV is attributed to highly localized carriers in
potential ﬂuctuations close to the lateral ND/shell interface (ﬁgure 6.19b)).
A third emission around the band gap energy of cubic GaN (3.27 eV [144]) was observed in
the spectra shown in ﬁgure 6.18a). Only the reference sample did not show this emission.
The signiﬁcant overlap with the ND luminescence in sample N1605090 (dND = 1.7 nm)
prevents an unambigous identiﬁcation of the 3.27 eV band in this sample. Kehagias et al.
previously assigned an emission at 3.15 eV to cubic inclusions of InxGa1−xN alloys. These
are formed by the presence of BSFs at and In diﬀusion into the InxGa1−x/GaN interface
regions which reduces the band gap energy of cubic GaN [127]. This assignment was based
on HRTEM as well as temperature and time dependent PL analysis of 9x InxGa1−xN/GaN
NDs. Therefore, temperature dependent PL measurements were conducted to study the
evolution of the ND and 3.27 eV peaks.
Temperature dependent photoluminescence
Figure 6.20 depicts the spectra of a PL temperature series of sample N1605040 (dND = 4.4 nm).
The data is plotted on a semilogarithimic scale. Sample N1605040 exhibits the largest dND
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Figure 6.20: a) Spectra of a PL temperature series of sample N1605040 (dND = 4.4 nm).
The gray area highlights the emission range of the InxGa1−xN/GaN reference and the insert
shows the ﬁt (red line) to the measurement data (blue symbols) performed by three voigt
functions (green). In b), the evolution of the ND peak energy and the 3.27 eV emission with
temperature is shown for diﬀerent dND.
of 4.4 nm and is the only sample that also shows a pronounced peak in the range of the
reference sample. Similar measurements were performed for samples with smaller dND. The
identiﬁed emissions below the GaN NBE regime were ﬁtted by voigt functions (insert in
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ﬁgure 6.20a)) which revealed the peak position and the integrated intensity (area of the
ﬁt). However, deconvolution of the ND emission and the 3.27 eV peak was not possible
for sample N1605090 (dND = 1.7 nm) due to a strong overlap of these two emissions. The
evolution of the ND PL peak and the 3.27 eV emission with the temperature is shown in
ﬁgure 6.20b). Fitting of the 3.27 eV emission in samples N1605050 (dND = 3.7 nm) and
N1605230 (dND = 1.9 nm) was not possible for temperatures higher than 240K and 210K,
respectively. The ND emission below 3 eV is more stable for increasing dND exhibiting a red
shift of ∆E = 40meV in the case of dND = 4.4 nm compared to a four times larger red shift
of 160meV for the sample with dND = 1.9 nm. Assuming an average In content of 24%
in the NDs, a temperature-induced shift of the band gap by ∆E = 61meV is expected in
the investigated temperature range. As Illustrated in ﬁgure 6.21a), temperature-induced
carrier loss to potential ﬂuctuations can lead to the larger shift of the emission energy
∆E for larger ND transition energies E(dND) at lower dND. All measured ND-related peak
xlateral
E
a) dND,1 < dND,2 
E
b)
BSFs
END
Efluc
ΔE1
ΔE2
E(dND,1) E(dND,2)
Figure 6.21: a) Schematic of lateral CB edge of a ND including conﬁned states due to the
axial ND dimension (blue and red dashed lines). The transition energies E(dND,1) and
E(dND,2) are indicated by gray arrows for dND,1 < dND,2. Temperature-induced carrier loss
contributing to ∆E is indicated by arrows. b) Schematic of the temperature-induced feeding
mechanisms observed in the InxGa1−xN/GaN ND samples.
energies and the corresponding ∆E at 300K are listed in table 6.3. Table 6.4 lists the corre-
sponding values for the 2.09 eV emission observed in sample N1605040. Similar shifts of the
ﬂuctuation-induced emission (∆Eﬂuc = 32meV) and the ND emission (∆END = 40meV)
are observed corroborating the assumption of a stronger inﬂuence of In ﬂuctuations on
the ND PL with increasing dND. The emission at 3.27 eV (4K) evolves very similar over
the whole range of investigated dND (ﬁgure 6.20b)). Hence, it is not directly correlated to
conﬁnement eﬀects due to the ND. In addition, a red shift of this emission by 290meV
(dND = 4.4 nm) is observed. This is signiﬁcantly larger than the 70meV decrease of the
band gap energy of cubic GaN in the same temperature range. Diﬀusion of In into the
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sample dND [nm] END [eV] ∆END [meV] Eloc [meV] Equench [meV] IQE300K [%]
N1605230 1.9 2.94 160 14± 1 81± 3 3
N1605060 3 2.78 100 26± 4 161± 25 3
N1605050 3.7 2.69 80 13± 4 82± 15 5
N1605040 4.4 2.64 40 32± 9 148± 76 3
Table 6.3: List of the ND peak energy END at 4K as well as the emission red shift ∆END
observed when the sample temperature is increased to 300K. Furthermore, the activation
energies (Eloc and Equench) obtained by ﬁtting an Arrhenius function to the integrated PL
data are listed together with the estimated IQE of the ND emission.
sample dND [nm] Eﬂuc [eV] ∆Eﬂuc [meV] Eloc [meV] Equench [meV] IQE300K [%]
N1605040 4.4 2.09 32 1± 0.5 57± 6 17
Table 6.4: List of Eﬂuc at 4K as well as the emission red shift ∆Eﬂuc observed when the
temperature is increased to 300K. In addition, the activation energies (Eloc and Equench )
obtained by ﬁtting an Arrhenius function to the integrated PL data are listed together with
the estimated IQE of the ND emission.
GaN barriers in combination with BSFs was proposed to be the origin of a similar emission
at 3.15 eV in Ref. [127]. This interpretation also ﬁts to the present experiments because
BSFs were found at the respective InxGa1−xN/GaN interfaces in the analyzed samples (cf.
ﬁgure 6.15c)). The In diﬀusion process can lead to a graded In composition and carriers
trapped at BSFs of lower In content are thermally activated to reach sites of slightly higher
In content with increasing temperature. This is further supported by a relative decrease
of the luminescence intensity of the 3.27 eV emission with beneﬁt of the ND PL indicating
an eﬃcient feeding mechanism of the ND luminescence by carriers trapped by BSFs at
ND/interface (ﬁgure 6.21b)). Such a feeding mechanism has also been observed for the
ﬂuctuation-induced emission in sample N1605040 (cf. ﬁgure 6.20a)). This results in an
increase of the IQE (at 300 K) of this emission from 5 to 17% compared to an InxGa1−xN
reference sample without NDs. Figure 6.22 exemplary displays the Arrhenius plot of the
ﬁt area of the ND luminescence of sample N1605040 (dND = 4.4 nm). The insert shows
the Arrhenius plot obtained for the ﬂuctuation-induced emission observed at 2.09 eV. The
latter exhibits Equench = 57 ± 6meV which is in agreement to the values obtained for the
reference samples discussed in the section 6.1. No systematic dependence of Equench and
Eloc on dND was found (table 6.3). Both activation energies are, however, signiﬁcantly larger
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Figure 6.22: Arrhenius plot of the ﬁt area of the ND PL of sample N1605040 (dND =
4.4 nm). Data obtained by ﬁtting of the individual PL spectra is represented by blue symbols
and a ﬁt according to equation 6.1 is displayed as a red line. The insert shows the Arrhenius
plot and ﬁt corresponding to the ﬂuctuation-induced emission observed in this sample.
than the maximum values obtained for the InxGa1−xN samples discussed earlier. For the
ND emission, values ranging from (81± 3)meV to (161± 25)meV were found for Equench,
whereas Eloc was found to be in the range of (13 ± 4)meV to (32 ± 9)meV (table 6.3).
The increasing activation energies compared to InxGa1−xN NW reference samples further
substantiate the assumption of the formation of conﬁned states in the NDs. The large
non-systematic scattering of the activation energies also corroborates the hypothesis of an
inhomogeneous In incorporation in the ND as sketched in ﬁgure 6.19 and ﬁgure 6.21a). A
list of the obtained activation energies and IQEs is given in table 6.3. The IQE of the ND
samples is similar to the values obtained for InxGa1−xN/GaN NW references (cf. section
6.1, ﬁgure 6.10). This rather low IQE (3% to 5%) is explained by the enhanced formation
of non-radiative recombination at structural defects (point defects and/or BSFs) at the
ND/barrier interfaces which counteract the beneﬁt of quantum conﬁned states in the NDs.
Time resolved photoluminescence
Time resolved PL was conducted at a temperature of 70K on a GaN and InxGa1−xN refer-
ence as well as the 10x InxGa1−xN/GaN NDSL samples7. The GaN reference consisted of a
7All TR-PL experiments presented in this section were performed by Dr. Nils Rosemann in the group of
Prof. Dr. Sangam Chatterjee at the Faculty of Physics and Materials Science Center of the Philipps-
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GaN segment grown on a standard GaN NW template at the InxGa1−xN growth tempera-
ture. Figure 6.23a) displays the dependence of the fast (τinitial) and slow component (τﬁnal)
of the the PL transients recorded on the 10x InxGa1−xN/GaN NDSLs. As mentioned in sec-
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Figure 6.23: a) Decay times τinitial and τﬁnal that were obtained by ﬁtting of PL intensity
transients plotted versus the ND thickness. In b), the relative intensity of the 3.27 eV
emission of the ND samples (at 75K) compared to the ND emission is plotted against dND.
Dashed lines were added as guides to the eye.
tion 6.1.2, τinitial reveals information about the relaxation process of the excited carriers and
τﬁnal characterizes the following recombination process. Figure 6.24a) illustrates the car-
rier relaxation (black arrows) and recombination (gray arrows) in NDs that do not exhibit
Eﬂuc at 2.09 eV (dND < 4.4 nm in the present experiments) while the ﬂuctuation-induced
emission is observed for those NDs schematically shown in ﬁgure 6.24b) (dND = 4.4 nm in
the present experiments). In all cases, a higher In content is assumed to be present on the
semipolar sidefacets as explained in section 6.2.1. However, for dND < 4.4 nm homogeneous
carrier conﬁnement over the whole ND is assumed as only one ND related emission END
is observed in the spectra (cf. ﬁgure 6.18a)). With increasing dND, τﬁnal remains fairly
constant at around 600 ps and drops slightly to 521 ps for dND = 4.4 nm. This decrease
of τﬁnal is explained by the additional contribution of the Eﬂuc recombination paths to the
spectrum (ﬁgure 6.24b)). The fast component of the PL decay, on the other hand, de-
creases signiﬁcantly from (122.1 ± 0.7) ps to (81.7 ± 0.6) ps with an increase of dND from
Universität Marburg.
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Figure 6.24: Schematic of the relaxation (black arrows) and recombination (gray arrows)
processes of excited carriers in a ND. a) Example of a ND with small dND,1, not show-
ing Eﬂuc. b) Example of a ND with large dND,2, exhibiting Eﬂuc. In the upper part, the
CB edges are shown for the NDs sketched in the lower part of the ﬁgure. The energetic
position of conﬁned states (white dashed lines), non-raditative recombination centers (NR,
yellow) and BSFs at the ND shell interface (white) are drawn. Comparing a) and b),
an increasing linewidth of the arrows indicates an increasing probability for the respective
relaxation/recombination process.
1.7 nm to 4.4 nm. This is mainly attributed to the higher density of structural defects
(BSFs and point defects) with increasing dND (ﬁgure 6.24) which is corroborated by the
relative intensity increase of the 3.27 eV emission with increasing dND as demonstrated in
ﬁgure 6.23b). An overview on the decay times including a GaN and an InxGa1−xN/GaN
NW reference is given in table 6.5. Both time constants (τinitial and τﬁnal) are longer for the
InxGa1−xN/GaN reference compared to the ND samples. This observation is attributed to
the presence of a signiﬁcant amount of BSFs in the ND samples which were not found in
the InxGa1−xN/GaN references. The decay times of the GaN reference sample are signif-
icantly shorter than those of the InxGa1−xN NDs as well as the corresponding reference
sample. Hauswald et al. [145] identiﬁed point defects in the GaN NWs to be the dominant
non-radiative recombination channel over, exempli gratia, surface recombination. Conse-
quently, the PL decay in the GaN NWs is faster compared to the InxGa1−xN samples were
carriers are eﬃciently trapped in potential ﬂuctuations as well as the ND conﬁnement po-
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Probe dND [nm] τinitial [ps] τﬁnal [ps]
N1606230 GaN ref. 25.3± 0.4 275± 7
N1605090 1.7 122.1± 0.7 600± 2
N1605230 1.9 118± 0.7 595± 6
N1605060 3 105± 1 608± 3
N1605050 3.7 82.4± 0.6 601± 2
N1605040 4.4 81.7± 0.6 521± 2
N1604290 InxGa1−xN ref. 138.7± 0.9 860± 3
Table 6.5: List of the fast (τinitial) and slow (τﬁnal) component of the PL decay obtained by
a double exponential ﬁt to the PL transients (70K).
tential. No indication was found for the inﬂuence of internal electric ﬁelds on the emission
properties of the 10x ND samples as the PL transients do not change with the excitation
power. Even, if the latter is varied over four orders of magnitude. The inﬂuence of in-
ternal electric ﬁelds on the optical properties of InxGa1−xN NDs, QWs and QDs is still
under debate. Cardin et al. did not observe internal electric ﬁelds in InxGa1−xN NDs
(dND = 3 nm to 8 nm) while Lähnemann et al. observed a strong inﬂuence of the QCSE in
stacks of InxGa1−xN NDs with dND = 11 nm [146]. Carrier localization at In rich clusters
was, however, assumed to be the origin of the PL observed in the latter case. Morel et
al. also assumed the interaction between polarization ﬁelds and localization of electrons
and holes at potential ﬂuctuations to be the main mechanisms deﬁning the PL in 1.5 nm
to 6 nm thick InxGa1−xN QWs/QDs [147]. The attenuation of the internal electric ﬁeld
in InxGa1−xN NDs was ascribed to the diﬀusion of In into the GaN barrier in Ref. [127].
The latter is also likely to be the origin of the negligible polarization ﬁelds in the present
samples. This is corroborated by the large temperature-induced red shift of the 3.27 eV
emission which was assigned to a graded In content in combination with BSFs located at
the ND/barrier interfaces.
6.3 Conclusion
Structural and optical properties of InxGa1−xN/GaN NWHs were investigated. The fo-
cus was set on the inﬂuence of the atom source operating parameters during growth as
well as on carrier conﬁnement eﬀects in InxGa1−xN/GaN NDSLs. All investigated samples
exhibited strong PL signals that originated from the inhomogeneous incorporation of In
and the localization of carriers at the resulting potential ﬂuctuations. An increasing ΦN2
enhances local In accumulation due to an increase of the overall nitrogen partial pressure.
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The increasing decomposition rate with increasing PN2 due to a relative increase of atomic
nitrogen was found to introduce a signiﬁcant amount of additional non-radiative recombi-
nation centers. These were assigned to an increasing amount of VN which are the intrinsic
point defect with the lowest formation energy under the applied growth conditions.
It was demonstrated that the luminescence properties of InxGa1−xN NDs embedded in GaN
barriers show complex behavior. Luminescence from conﬁned states in the ND was observed
in all investigated samples. The ND thickness was varied in the range of 1.7 nm to 4.4 nm
which lead to PL emission from 3.15 eV to 2.64 eV. A strong interaction between carrier
localization at potential ﬂuctuations (probably close to the lateral ND/shell interface) and
the additional axial conﬁnement in the ND center due to the low axial ND dimension was
observed for dND > 4nm. This resulted in an additional PL band at 2.09 eV. A further
signal observed in all InxGa1−xN ND samples at 3.27 eV was assigned to the presence of
BSFs at ND/barrier interfaces and In diﬀusion into those defects. The TR-PL experiments
performed on the present samples suggest negligible inﬂuence of internal electric ﬁelds on
the optical properties of InxGa1−xN NDs.
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Using metal-organic chemical vapor deposition (MOCVD) or metal-organic chemical vapor
phase epitaxy (MOVPE), the growth of high quality, well-oriented GaN NWs is only feasible
by PCG [148152]. In contrast, the self-assembled growth has so far been widely used to
grow group III-nitride NWs by MBE (cf. chapters 4, 5 and 6). Decent MBE-based PCG
processes for the growth of GaN NWs on various substrates were only recently developed
[2834, 153, 154]. The major advantages of PCG over the self-assembled growth of GaN
NWs are the control over the NW diameter and density as well as the suppression of NW
coalescence. In this section, the developement of a PCG process is described, including
morphological and optical analysis of NW samples grown with a controlled morphology.
The thickness of the used Ti mask and the growth conditions are optimized to achieve
selectivity towards the NW growth in the nanoholes.
7.1 Growth mechanism and mask preparation
Figure 7.1 depicts the schematic of the PCG of GaN NWs using a nanohole mask that
deﬁnes the NW diameter and density. At the applied growth conditions, PCG of GaN
mask
substrate
NW
Ga
imp.
di.
des.
Figure 7.1: Schematic of NW growth using PCG.
NWs requires a lower sticking coeﬃcient on the mask material compared to the substrate
in order to suppress nucleation on the growth mask. Hence, impinging adatoms either
diﬀuse towards the NWs growing in the mask openings, where they can contribute to
the growth, or they desorb from the mask. Typical diﬀusion length in MBE-based PCG
processes are in the range of several hundred nm [32,33].
The quality of the used nanohole mask is most important for the successful PCG of GaN
NWs. Various mask materials have been used over the years, including Si [32], SixNy
[30, 155], SiO2 [153], molybdenum [34] and titanium [28, 33, 72, 154, 156]. A patterned Ti
mask was used in this work to achieve selective growth on Si(111) substrates. Patterning
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was carried out by electron beam lithography (EBL) using a negative resist. This resist
is exposed to the electron beam (20 kV acceleration voltage) in the ﬁrst step of the mask
preparation (ﬁgure 7.2a)) using a writing dose of 200µC/cm2. The exposed areas remain
e--beam
resist
Ti
Si(111)
a) b)
c) d)
development
evap
orat
ion
Lift-off
Figure 7.2: Schematic of the mask patterning process. a) A negative resist is exposed to
an electron beam. Image b) displays the patterned resist after the development process and
c) depicts the substrate after evaporation of Ti. The desired mask layout, shown in d), is
realized after the Lift-oﬀ.
on the substrate after development (18 s) of the resist (ﬁgure 7.2b)) before the Ti mask
material (2 nm to 14 nm) is evaporated (ﬁgure 7.2c)). The remaining resist is removed
in aceton by an ultrasonication assisted lift-oﬀ (ﬁgure 7.2d)) leaving the desired mask.
Detailed information on the process of the mask fabrication is given in appendix A.2. All
masks exhibited a hexagonal nanohole array with a nominal hole diameter dhole = 50nm and
variable pitch sizes p = 350 nm - 10µm. Figure 7.3a) shows the schematic of the nanohole
mask with the relevant parameters p and dhole. The SEM image of a ﬁnished growth mask
is depicted in ﬁgure 7.3b). A nanohole diameter of ≈ 70 nm (nominally 50 nm) was realized
in a growth ﬁeld with p = 500nm.
The Ti mask was nitridated in a two step process to form TiN prior to the PCG of GaN
NWs. This process is in analogy to the one reported by Schuster et al. [33]. The initial
nitridation (PN2 = 400W, ΦN2 = 1 sccm) of the substrate was carried out for 10min at
a heater temperature of 230 ◦C. If this initial nitridation is omitted, the mask is unstable
against the high substrate temperatures > 750 ◦C used for the growth. A second nitridation
of 5min is carried out at the growth temperature to ensure complete nitridation of the Ti
and to form the SixNy nucleation layer in the mask openings.
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dholep
Si(111)
Ti
a) b) 67 nm
500 nm
Figure 7.3: The schematic of a patterned Ti nanohole mask on a Si(111) substrate is shown
in a). Nanoholes are arranged in a hexagonal array and the pitch p as well as the nanohole
diameter dhole are labeled. In b), the SEM image of substrate SiMat03-057 is displayed.
7.2 Position-controlled growth of GaN nanowires
The position-controlled growth of GaN NWs is discussed in this section. Inﬂuences of the
mask thickness (dmask), nitrogen ﬂux (ΦN2) and growth time (tgrowth) on the structural and
optical properties of PCG NWs are evaluated using SEM and PL spectroscopy.
7.2.1 Inﬂuence of the mask thickness on the growth selectivity
The thickness of the growth mask was varied from dmask = 4nm to 14 nm to study its
inﬂuence on the selectivity of the growth process. An eﬀusion coeﬃcient of  = 0.75 was
used for the temperature measurements which yields reasonable temperatures for the used
Si(111) substrates when a clean viewport is mounted. Figure 7.4a) depicts the temperatures
of the Si(111) and TiN mask on the left ordinate measured with a pyrometer. The heater
temperature was set to 735 ◦C for all samples. A large mask opening was left on the
substrate as schematically depicted in blue in the inset of ﬁgure 7.4a). This enabled the
measurement of the surface temperatures of the TiN mask and the underlying Si(111)
substrate individually. The latter is used as an estimate of the surface temperature of the
nanoholes. Due to largely diﬀerent geometries of the large mask opening and the nanoholes,
the error of the measurements is assumed to be at least in the range of 5 ◦C to 10 ◦C . An
increase of the Si(111) temperature is observed when increasing dmask from 4nm to 14 nm.
On the other hand, the temperature of the TiN surface decreases with increasing dmask.
Consequently, the diﬀerence between the Si and TiN temperature ∆TSi(111)-mask almost
increases linearly as a function of dmask as evident from ﬁgure 7.4a) (right ordinate).
The origin of this relative behavior is most likely due to increasing reﬂection of thermal
radiation back into the substrate with increasing dmask. Reﬂectance measurements per-
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Figure 7.4: a) Measured temperatures of the Si(111) and TiN mask as a function of
dmask (left ordinate). The temperature diﬀerence between the mask and the Si surface
∆TSi(111)-mask is given on the right ordinate. A schematic of the substrate with a large
mask opening (blue region) is shown in the inset. The temperatures of the Si(111) and TiN
were measured at the position of the gray dots. b) Reﬂectance measurements performed
on empty substrate areas of samples N1602240 (dmask = 4 nm), N1601280 (dmask = 8 nm)
and N1601070 (dmask = 11 nm). The spectrum of a clean Si(111) substrate was added as a
reference.
formed on empty areas of samples with diﬀerent dmask (after nitridation and growth) are
presented in ﬁgure 7.4b), together, with a measurement conducted on an uncoated Si(111)
reference 1. Sharp dips and peaks in the spectrum are due to the setup. The reﬂectance
increases from around 36% to 78% when dmask is increased from 4nm to 11 nm. The initial
decrease of the reﬂectance by 6% for the sample with dmask = 4nm compared to the Si(111)
reference is most likely associated to the rougher surface (0.56 nm compared to 0.21 nm) of
the nitridated Ti layer.
Selectivity of the GaN NW growth is, hence, only achieved for the thinnest masks used
here (dmask = 4nm and 5 nm) as demonstrated by the SEM images displayed in ﬁgure 7.5a)
and ﬁgure 7.5b). The growth was carried out for 120min with BEPGa = 2.5× 10−7mbar,
PN2 = 400W and ΦN2 = 1 sccm. Mask openings of nominally dhole = 50 nm were used
with a pitch of p = 750nm. Some residual growth is still observed on sample N1602040
(dmask = 5nm). However, no residual growth on the mask and only marginal growth of GaN
1A L 900 from Perkin Elmer Ltd was used.
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N1602240
dmask = 4 nm
N1602040
dmask = 5 nm
N1601280
dmask = 8 nm
N1601070
dmask = 11 nm
N1601180
dmask = 14 nm
a) b)
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Figure 7.5: SEM images of samples grown on substrates with mask thicknesses of a) 4 nm, b)
5 nm, c) 8 nm, d) 11 nm and e) 14 nm, respectively. Images a) to c) were recorded under an
angle of 25◦C while d) and e) show top view micrographs of the samples. Sample numbers
are given in the images.
NWs in the nanoholes is observed for a mask thickness of 8 nm. The residual growth on the
former sample might be due to a lower actual growth temperature of several ◦C and/or due
to an imperfect mask surface (roughening due to the nitridiation or contamination of the
TiN layer during Ti evaporation) oﬀering some additional nucleation points. Selectivity
towards GaN NW growth in the nanoholes is still observed for dmask = 8 nm, however,
only very sparse growth is observed on the whole sample. Therefore, the critical substrate
temperature for eﬃcient nucleation on Si(111) is already exceeded for dmask = 8nm. Further
increase of the TiN mask thickness to 11 nm (ﬁgure 7.5d)) and 14 nm (ﬁgure 7.5e)) leads
to an inverse selectivity of the growth: Nucleation is solely observed on the TiN mask and
no NWs are found in the openings. This is explained by three eﬀects that all facilitate
this inverse selectivity. First of all, the temperature of the Si(111) increases to 782 ◦C
(dmask = 11 nm) and 790 ◦C (dmask = 14 nm) enhancing Ga desorption which repulses
adatoms out of the nanoholes. Secondly, the relative decrease of the TiN temperature
(ﬁgure 7.4a)) leads to a decreasing diﬀusion length of the adsorbed Ga which increases the
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nucleation probability on the mask. The increasing edge height of the nanoholes, ﬁnally,
further increases the diﬀusion barrier towards the Si(111) surface.
Based on the presented observations, dmask was limited to 4 nm for further experiments.
7.2.2 Inﬂuence of the nitrogen ﬂux on the growth selectivity
The applied nitrogen ﬂux has been reported to have signiﬁcant inﬂuence on the selectivity
of the growth process [33, 157]. However, Schuster et al. observed an improved selectivity
with increasing ΦN2 [33] while the opposite was reported by Bengoechea-Encabo et al. [157].
Hence, three samples were grown at Theater = 745 ◦ C with BEPGa = 2.5 × 10−7mbar
and a growth time of two hours using ΦN2 = 0.5 sccm, 1 sccm and 1.5 sccm, respectively.
Corresponding top and bird's-eye view images of those samples are shown in ﬁgure 7.6.
Selectivity of the GaN NW growth was achieved for all applied nitrogen ﬂuxes. The lowest
N1604220
ΦN2 = 0.5 sccm
N1604140
ΦN2 = 1 sccm
N1604224
ΦN2 = 1.5 sccm
a) b) c)
N1604220
ΦN2 = 0.5 sccm
N1604140
ΦN2 = 1 sccm
N1604224
ΦN2 = 1.5 sccm
d) e) f)
Figure 7.6: SEM images of samples grown with ΦN2 = 0.5 sccm (a) and d)), ΦN2 = 1 sccm
(b) and e)) as well as ΦN2 = 1.5 sccm (c) and f)). The top row displays top view images
while the bottom row depicts images taken under 25◦ tilt of the sample. Sample numbers
are given in the images.
nitrogen ﬂux ΦN2 = 0.5 sccm leads to an inhomogeneous occupation of the nanoholes with
a NW diameter of (30±14) nm and a NW length of (170±105) nm. This results in a radial
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and axial growth rate of (0.13± 0.05) nm/min and (1.4± 0.9) nm/min, respectively. Also,
multiple NWs nucleate in single nanoholes that afterwards coalesce to form a single NW
which has also been observed by Ga£evi¢ et al. [72]. Smaller nanoholes would, therefore,
enable the growth of thinner PCG GaN NWs. The coalescence process is not completed on
sample N1604220 (ΦN2 = 0.5 sccm). With an increase of ΦN2 to 1 sccm (ﬁgure 7.6b)), all
nanoholes are occupied by GaN NWs and the coalescence process of the NWs in individual
holes is completed leading to one ﬁnal NW per hole. The diameter of those NWs was
measured to be (69 ± 21) nm at a NW length of (847 ± 96) nm. Consequently, the radial
and axial growth rates increase with an increase of ΦN2 from 0.5 sccm to 1 sccm and were
measured to be (0.29 ± 0.09) nm/min and (7.1 ± 0.8) nm/min, respectively. A further
increase of ΦN2 to 1.5 sccm (ﬁgure 7.6) leads to an increase of the radial (axial) growth
rate to (0.35 ± 0.05)nm/min ((11.4 ± 1.2) nm/min). A comparison of the self-assembled
and position-controlled growth regarding the evolution of raxial and rlateral/raxial with ΦN2
is depicted in ﬁgure 7.7a) and ﬁgure 7.7b), respectively. The ratio of the radial to the
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Figure 7.7: Comparison of the evolution of a) raxial and b) rlateral/raxial with ΦN2 for the
self-assembled growth and the PCG of GaN NWs.
axial growth rate decreases successively from 9% to 3% upon an increase of ΦN2 from
0.5 sccm to 1.5 sccm. At low ΦN2, the NWs are still nucleating which leads to a high value
of rlateral/raxial. The value at ΦN2 = 1.5 sccm is comparable to those obtained for the self-
assembled growth of GaN NWs (ﬁgure 7.7b)). Comparing raxial of both growth methods
reveals a linear increase of raxial over the whole range of analyzed ΦN2 in the PCG approach,
while raxial already decreases for self-assembled grown GaN NWs at ΦN2 > 1 sccm due to
hindered adatom diﬀusion at high background pressures (cf. chapter 4, section 4.4.2). A
higher BEPGa of 3.4 × 10−7mbar was used for the self-assembled grown NWs compared
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to BEPGa = 2.5 × 10−7mbar used for the PCG. Consequently, higher growth rates were
observed in the case of the self-assembled growth for a given ΦN2 ≤ 1 sccm. Hindered
adatom diﬀusion expected for higher values of ΦN2 does not seem to signiﬁcantly inﬂuence
the PCG, at least up to ΦN2 = 1.5 sccm.
Photoluminescence spectroscopy
The optical properties of the PCG GaN NWs were evaluated by µ-PL spectroscopy us-
ing Setup C (cf. chapter 3, section 3.4). Figure 7.8 depicts the low temperature (4K)
µ-PL spectra of samples grown with diﬀerent ΦN2, together, with a self-assembled grown
GaN NW reference (ΦN2 = 1 sccm). The latter exhibits its emission maximum at 3.472 eV
3 . 4 0 3 . 4 2 3 . 4 4 3 . 4 6 3 . 4 8 3 . 5 0
F X A
 
e n e r g y  [ e V ]
nor
m. P
L in
ten
sity
 [ar
b. u
nits
] T  =  4  K3 2 5  n m D
0 X A3 , 4 7 2  e V
 N 2  =  0 . 5  s c c m
 N 2  =  1 . 0  s c c m
 N 2  =  1 . 5  s c c ms e l f - a s s e m b l e d
 
PL 
inte
nsit
y
[arb
. un
its] P C G  N W sT i N  m a s k
Figure 7.8: Low temperature µ-PL spectra of N1604220 (ΦN2 = 0.5 sccm), N1604140 (ΦN2 =
1 sccm), N1604224 (ΦN2 = 1.5 sccm) and the self-assembled GaN NW reference N1602080.
All spectra were normalized to the emission maximum and a semilogarithmic scale was
chosen. The insert depicts the spectrum of the sample grown with ΦN2 = 1.5 sccm in
comparison to a spectrum recorded on the TiN mask (yellow).
(FWHM=5.7meV) corresponding to the D0XA emission of relaxed GaN. The 3.45 eV emis-
sion related to VGa at the NW surface as well as the 3.42 eV emission band are also ob-
served in this sample (cf. chapter 4, section 4.3.2). A broad emission centered at 3.481 eV
(FWHM=15.4meV), similar to spectra recoreded on highly Si-doped GaN NWs [37], is
observed for the PCG sample grown with ΦN2 = 0.5 sccm. This is most likely due to a
high background silicon concentration in these short (170 nm) NWs due to Si diﬀusion
from the substrate that has also been observed in the case of self-assembled NW growth
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on Si(111) [60]. An increase of ΦN2 to 1 sccm and 1.5 sccm leads to a successive red shift
of the D0XA emission to 3.474 eV (FWHM=2.9meV) and 3.473 eV (FWHM=4.2meV).
Both spectra, therefore, exhibit a smaller FWHM of the D0XA than the reference, how-
ever, not showing the free exciton FXA which is observed in the high energy shoulder of
the self-assembled reference sample. The slight blue shift of the D0XA might be due to
compressively strained NWs in the case of the selectively grown samples. This however,
is unlikely for NWs exhibiting a length > 847nm due to the eﬃcient strain relaxation at
the lateral surfaces [3]. The emission of excitons recombining at neutral donors close to
the NW surface is much more likely to be the origin for the slight blue shift of the D0XA
peak. Brandt et al. observed such a surface donor bound excitonic emission at 3.475 eV in
SNW PL experiments performed on GaN NWs. A lower density of VGa at the NW surface
might beneﬁt exciton localization at donors close to the NW surface. This is corroborated
by the absence of the, presumably, VGa related 3.45 eV emission in the PCG NWs. In ad-
dition, the intensity of the low energy tail of the D0XA emission is signiﬁcantly lower than
in the case of the self-assembled GaN NWs indicating a lower density of structural defects,
probably due to the suppression of NW coalescence during the later stages of growth. The
emission band at 3.42 eV due to structural defects at the NW/substrate interface exhibits
similar relative emission intensities comparing self-assembled and selectively grown NWs.
Sharper features are, however, observed in this emission band in the case of the PCG GaN
NWs, probably due to the lower NW density of ≈ 2µm−2. Only 40 NWs are excited by the
laserspot with a diameter of 5µm compared to 1400 NWs in the case of the self-assembled
GaN NWs with a density of 70NWs/µm2. Apparently, the TiN mask does not contribute
to the PL in the investigated spectral range as demonstrated in the insert of ﬁgure 7.8.
The diﬀerences in the optical properties of the diﬀerent PCG samples are the result of the
diﬀerent NW lengths due to diﬀerent growth rates. Selectivity of the GaN NW growth
combined with a high crystal quality (sharp D0XA emission) and a high growth rate was
found for a nitrogen ﬂux of 1.5 sccm. The latter was, therefore, used for further growth
experiments.
7.2.3 Inﬂuence of the growth time
Position-controlled growth of GaN NWs was performed at a heater temperature of 745 ◦C
and a BEPGa of 2.5 × 10−7mbar. The atom source was operated at PN2 = 400W and
ΦN2 = 1.5 sccm. The growth time tgrowth was varied from 15min to 120min to study
the nucleation and coalescence process. Figure 7.9 depicts the SEM images recorded on
samples grown for diﬀerent tgrowth. All large images were taken under an angle of 25 ◦ in
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N1605024
t = 15 min
N1605114
t = 30 min
N1604224
t = 120 min
a) b) c)
Figure 7.9: Bird's-eye view (25 ◦) SEM images of samples grown for a) 15min, b) 30min
and c) 120min. The inserts are top view images and sample numbers are given in the
images.
a ﬁeld with a pitch of 350 nm while the magniﬁed inserts display top view images. Only
60% of the nanoholes are occupied after 15min of NW growth which indicates that the
nucleation process has not ﬁnished. Multiple NWs are found in individual holes and a
NW length (diameter) of (80± 41) nm ((27± 9) nm) was determined. This yields an axial
(radial) growth rate of (5.3 ± 2.7) nm/min ((0.9 ± 0.3) nm/min) with an radial to axial
growth rate ratio of 15%. For tgrowth = 30min, this ratio is reduced to 8% due to an
increased axial growth rate of (9.6 ± 1.9)=nm/min while the radial growth rate remains
constant. All nanoholes are occupied by NWs after 30min of growth and almost complete
coalescence of most of the NWs is observed (ﬁgure 7.9b)). The latter leads to an increase
of the NW diameter to (48 ± 16) nm while the increased axial growth rate results in a
NW length of (290 ± 57) nm. The growth ﬁeld of sample N1604224 (tgrowth = 120min)
with a nanohole pitch of 750 nm was already discussed earlier in this chapter (cf. section
7.2.2). Figure 7.9c) shows the SEM images of a growth ﬁeld with a pitch of 350 nm. The
NW length and diameter were determined to (1375 ± 118) nm and (975 ± 12) nm which
gives radial and axial growth rates of (0.3±0.1) nm/min and (12±1) nm/min, respectively.
These values are comparable to those determined for the growth ﬁeld with p = 750nm. A
relative radial growth rate of 3% compared to the axial growth rate is calculated.
Conclusively, the nucleation of the NWs including their full coalescence in the individual
holes takes approximately 30min after which all mask openings are occupied by GaN NWs
which also show nearly full coalescence of the individual NW nuclei. Afterwards, the axial
growth of the NWs dominates which results in a decrease of the relative radial growth rate
by a factor of ﬁve after 120min of growth.
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Photoluminescence spectroscopy
Low temperature µ-PL spectroscopy was performed to study the optical properties of the
PCG GaN NWs. Figure 7.10 depicts the spectra that were recorded on samples that
were grown for diﬀerent growth times in a growth ﬁeld with a pitch of 750 nm. A broad
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Figure 7.10: Low temperature µ-PL spectra of samples N1605024 (tgrowth = 15min),
N1605114 (tgrowth = 30min) and N1604224 (tgrowth = 120min). The position of the D0XA
in unstrained GaN is marked in the ﬁgure.
and featureless peak was observed at 3.48 eV (FWHM=19.4meV) for the sample with the
shortest NWs (growth time) of 80 nm (15min). Again, this is attributed to the very short
length (lNW) of the NWs and the resulting high background doping concentration that leads
to a band ﬁlling induced blue shift of the D0XA emission. A sharp (5.3meV) donor bound
excitonic emission becomes dominant at 3.474 eV for the GaN NWs grown for 30min where
the nucleation and coalescence process is almost ﬁnished (cf. ﬁgure 7.9b)). The coalescence
process is, however, still ongoing for some NWs of sample N1605114 (lNW = 290nm) and the
coalescence of neighbouring NWs leads to the formation of dislocations in the coalescence
region [78]. These, dislocations introduce strain to the crystal in the coalescence region.
Hence, the blue shift of the donor bound exciton emission by 1meV in comparison to
sample N1604224 (lNW = 1375 nm) might be due to a combination of compressive strain
and neutral donor states at the NW surface. The latter sample exhibits the lower FWHM
of the surface donor bound exciton emission (4.2meV) and also the lowest background
emission intensity on the lower energy tail of this emission. This demonstrates a lower
defect density in the longer NWs.
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7.2.4 Large nanohole pitches
The largest realized pitch of the nanoholes on sample N1604224 was 10µm. The sample
was grown for 120min with BEPGa = 2.5 × 10−7mbar, PN2 = 400W and ΦN2 = 1.5 sccm
at a heater temperature of 745 ◦C. An SEM image recorded under an incident angle of 25◦
is displayed in ﬁgure 7.11a). The upper part in the image corresponds to an unmasked
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Figure 7.11: SEM image (25◦ bird's-eye view) of the 10µm pitch ﬁeld of sample N1604224.
A spatially resolved PL map recorded in same growth ﬁeld of sample N1604224 is shown in
b). The PL intensity recorded in the energy range of 3.46 eV to 3.48 eV is color coded.
marker region were self-assembled NW growth occured. Selectivity of the NW growth was
also achieved for this large pitch indicating that the surface temperature of the TiN mask
is suﬃciently high to inhibit nucleation of NWs on the mask. A µ-PL intensity map of a
section of the ﬁeld with p = 10µm is depicted in ﬁgure 7.11b). The PL intensity integrated
in the energy range of 3.46 eV to 3.48 eV is color coded. A bright PL was observed in
the upper part of ﬁgure 7.11b), where the self-assembled growth of GaN NWs occurred.
The laser spot had a diameter of 5µm and one pixel of the measurement has a length of
2µm. The hexagonal grid of the nanohole mask is indicated by circles in ﬁgure 7.11b)
and demonstrates that SNWs can be addressed individually by µ-PL using suﬃciently
large pitches. Additionally, the luminescence intensity of some NWs is comparatively low
indicating strong non-radiative recombination in these NWs, most likely due to point defects
and/or non-radiative surface states. Figure 7.12 displays the low temperature PL spectra
recorded on a self-assembled reference and two SNWs grown in a 10µm pitch ﬁeld. The
luminescence of the donor bound exciton is blue shifted to 3.473 eV in the case of the
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Figure 7.12: Low temperature PL spectra of a self-assembled GaN reference (N1602080) and
two NWs in the 10µm pitch ﬁeld of sample N1604224.
SNWs which was also observed for the PL recorded in the ﬁeld with a pitch of 750 nm (cf.
section 7.2.2). The FWHM of the D0XA emission was determined to 2.4meV (NW #1),
4.1meV (NW #2) and 5.6meV (self-assembled reference), respectively. Lower linewidths
were, therefore, measured for the selectively grown SNWs. However, the expected values of
FWHM< 1meV as observed in the SNW PL experiments shown in chapter 5, section 5.1
were not obtained. Reasons for this discrepancy might be the larger diameter (d > 80nm)
of the PCG GaN NWs compared to the self-assembled grown samples (d ≤ 50nm) and the
possibility of the nucleation of multiple NWs in one nanohole. A signiﬁcant contribtution
of the FXA emission was observed in all spectra shown in ﬁgure 7.12.
Conclusively, the PCG of GaN NWs enables to grow NWs with pitches large enough to
perform µ-PL experiments on a SNW basis on as grown samples. Conventionally, NWs are
suspended in an organic solvent and dispersed on a substrate for µ-PL measurements on
SNWs. The PCG, therefore, prevents contamination with solvent residues and adhesion-
induced stress that can alter the emission spectrum [110]. Furthermore, after measuring the
as grown NWs, they can still be detached from the substrate to measure the PL according
to conventional SNW experiments which can be used to study the optical properties of the
same NW under diﬀerent excitation/collection geometries.
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7.2.5 Conclusion
Nanohole masks with a nominal diameter of 50 nm were produced by EBL and a subsequent
lift-oﬀ process. An actual nanohole diameter of approximately 70 nm was achieved. Thin
(< 4 nm) Ti masks are required to achieve selectivity of the GaN NW growth. Multiple
NWs nucleate in single nanoholes and form one NW after a growth time of approximately
30min due to coalescence. If used as a template for the successive growth of NWHs,
a growth time of at least 60min is recommended to assure a defect-free growth surface
enabling the growth of high quality heterostructure. The donor bound exciton emission
observed in the selectively grown GaN NWs is blue shifted in the meV range compared
to unstrained bulk GaN. This behavior was assigned to a stronger contribution of donor
states close to the NW surface compared to the bulk-like emission of the self-assembled
GaN NWs. Selectivity of the growth is also achieved for large NW pitches up to 10µm
which enables the investigation of as grown SNWs by µ-PL.
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7.3 Selective growth of InxGa1−xN/GaN nanowire heterostructures
The growth parameters for the position-controlled growth of InxGa1−xN on PCG GaN
NW templates are discussed. The templates exhibited a NW length of approximately
400 nm (BEPGa = 2 × 10−7mbar, tgrowth = 60min, ΦN2 = 1.5 sccm and Theater = 745 ◦C).
A list of the investigated samples and the applied growth conditions for the InxGa1−xN
segment is given in table 7.1. The parameters Theater, ΦN2 and the In/Ga ratio were varied
Probe Theater [◦C] BEPGa [mbar] BEPIn [mbar] In/Ga ratio ΦN2 [sccm]
N1604270 510 1.4× 10−7 1.3× 10−7 0.93 1.6
N1606270 535 1.4× 10−7 1.3× 10−7 0.93 1.6
N1607020 560 1.4× 10−7 1.3× 10−7 0.93 1.6
N1607060 565 1.4× 10−7 1.3× 10−7 0.93 1.6
N1607040 585 1.4× 10−7 1.3× 10−7 0.93 1.6
N1607130 565 7× 10−8 2× 10−7 2.86 1
N1607120 565 7× 10−8 2× 10−7 2.86 1.6
N1607140 565 7× 10−8 2× 10−7 2.86 2.2
N1607150 565 5× 10−8 2× 10−7 4 2.2
N1607160 565 3.5× 10−8 2.4× 10−7 6.71 2.2
Table 7.1: Growth parameters of the InxGa1−xN region of the selectively grown
InxGa1−xN/GaN NWHs studied in this section.
systematically (bold text in table 7.1). All InxGa1−xN segments were grown for 60min
with PN2 = 300W
7.3.1 Inﬂuence of the substrate temperature
Figure 7.13 depicts the SEM images of InxGa1−xN grown on top of PCG GaN NW tem-
plates. All images were recorded under an incident angle of 25◦. Large (small) images were
recorded in a growth ﬁeld with a pitch of 350 nm (750 nm). The temperature was increased
from 510 ◦C (ﬁgure 7.13a)) to 585 ◦C (ﬁgure 7.13e)) for the growth of the InxGa1−xN.
A nitrogen ﬂux of 1.6 sccm as well as metal ﬂuxes of BEPGa = 1.4 × 10−7mbar and
BEPIn = 1.3 × 10−7mbar were used for all samples. Strong parasitic growth is observed
on sample N1604270 (Theater = 510 ◦, ﬁgure 7.13a)), independent of the nanohole pitch.
The paristic growth is driven by the low mobility and desorption rate of the Ga adatoms
at the applied temperature. Increasing Theater from 535 ◦C (ﬁgure 7.13b)) to 565 ◦C (ﬁgure
7.13d)) reduces parasitic growth signiﬁcantly within the growth ﬁeld with p = 350nm. The
eﬀect on the parasitic growth in the ﬁeld with a pitch of 750 nm, however, is not as pro-
nounced. Finally, a heater temperature of 585 ◦C (ﬁgure 7.13e)) leads to perfect selectivity
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N1604270
T = 510 °C
N1606270
T = 535 °C
N1607020
T = 560 °C
N1607060
T = 565 °C
N1607040
T = 565 °C
a) b)
d) e)
c)
Figure 7.13: SEM images of samples grown with a) Theater = 510 ◦C, b) Theater = 535 ◦C,
c) Theater = 560 ◦C, d) Theater = 565 ◦C and e) Theater = 585 ◦C. Large (small) images were
recorded in a growth ﬁeld with a pitch of 350 nm (750 nm). All images were recorded under
an incident angle of 25◦ and sample numbers are given in the images.
for a nanohole pitch of 350 nm but still results in signiﬁcant growth on the TiN mask for
p = 750nm. This indicates a diﬀusion length of the Ga adatoms below 375 nm on the TiN
mask.
Photoluminescence spectroscopy
Figure 7.14a) depicts the µ-PL spectra (recorded with Setup C at 4K) of the ﬁve samples
grown with diﬀerent substrate temperatures. All spectra were recorded in the growth ﬁeld
with a pitch of 350 nm and the spectra were stacked along the ordinate. The corresponding
growth temperature increases from the bottom to the top spectrum. Broad emission bands
are observed in all of the spectra and only 180 NWs are excited simultaneously due to a
laserspot diameter of ≈ 5µm. The InxGa1−xN emission blue shifts from 2.3 eV (Theater =
510 ◦C, [In]= 33%) up to 2.6 eV (Theater = 565 ◦C, [In]= 24%) due to an increasing In
desorption rate for higher temperatures. However, a broad PL band centered at 2.2 eV
is observed upon a further increase of the substrate temperature to 585 ◦C indicating a
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Figure 7.14: a) Micro-PL spectra recorded at 4K on selectively grown InxGa1−xN/GaN
NWs. The spectra were normalized to the emission maximum and are stacked along the
ordinate. All spectra are labeled according to the substrate temperature used during the
InxGa1−xN growth. Figure b) displays the PL spectrum recorded on the sample grown with
Theater = 585
◦C (blue), that of a GaN reference recorded in the 350 nm pitch ﬁeld of sample
N1604224 sample (red) and the spectrum recorded on a blank TiN mask (yellow).
higher In content in this particular sample. Therefore, the spectrum that was recorded on
the sample grown with Theater = 585 ◦C is compared to the PL spectrum of a GaN reference
sample and that of a blank TiN mask in ﬁgure 7.14b). In contrast to the self-assembled
GaN NWs, the red luminescence at 1.9 eV due to structural defects in GaN is observed in
PCG grown GaN NWs. In the studies of Reshchikov and Morkoç, this emission band was
only observed in absence of the yellow luminescence (2.2 eV to 2.3 eV) and was assigned
native defects or complex related defects acting as deep acceptors [83]. A GaN antisite
defect was put forward as a likely candidate for the origin of the red luminescence in MBE
grown samples [83]. Hence, the broad emission band of the InxGa1−xN sample centered at
2.2 eV does not necessarily originate from regions of high local In content but might also
be attributed to the yellow luminescence which originates from VGa complexes in defective
GaN. The TiN mask does not show any distinct luminescence in the investigated spectral
range (ﬁgure 7.14b)). Comparison of the PL spectra recorded on the samples grown at
Theater = 565
◦C and Theater = 585 ◦C further indicates the absence of In in the PCG NWs
of the sample grown at the higher temperature (ﬁgure 7.15). A spectrum recorded on NWs
grown on the TiN mask is shown for each sample in ﬁgure 7.15. This parasitic growth
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Figure 7.15: Low temperature PL recorded on NWs with 350 nm pitch grown with Theater =
565 ◦C (blue) and Theater = 585 ◦C (red) are shown together with spectra recorded on the
NWs grown on the TiN mask outside of the growth ﬁeld.
cannot be suppressed at the applied substrate temperatures. The PL intensity of the PCG
NWs on the sample grown at a higher Theater is by one order of magnitude lower than the
intensity of the sample grown at a lower temperature. Additionally, the NWs grown on
the TiN mask do not feature an InxGa1−xN related emission for Theater = 585 ◦C indicating
complete desorption of arriving In atoms. In contrast, the parasitically grown NWs on the
sample grown at a lower substrate temperature exhibit a signiﬁcant InxGa1−xN related PL.
However, the PL intensity of the NWs grown on the TiN mask is by more than a factor of
two lower than the PL intensity of the PCG NWs. Due to the residual growth on the TiN
mask, the diﬀusion of In towards the PCG NWs is unlikely and, therefore, the origin of the
2.2 eV emission band in the sample grown at 585 ◦C is probably due to structural defects
in the low temperature GaN grown on top of PCG GaN NW templates.
Consequently, a substrate temperature of 565◦C was chosen for further experiments because
an improved selectivity compared to lower growth temperatures was achieved while still
exhibiting a signiﬁcant InxGa1−xN luminescence.
7.3.2 Inﬂuence of the nitrogen ﬂux
The growth temperature of the InxGa1−xN segment was ﬁxed to 565 ◦C and the metal
ﬂuxes were set to BEPGa = 7× 10−8mbar and BEPIn = 2× 10−7mbar. A lower Ga ﬂux
compared to the samples discussed in the previous section was used to prevent parasitic
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NW growth on the TiN mask. The total incident metal ﬂux was kept nominally constant,
increasing the In/Ga ratio by a factor of three (cf. table 7.1). Figure 7.16 depicts the SEM
bird's-eye view (25 ◦ tilt angle) images of samples grown with diﬀerent ΦN2. The large
N1607130
ΦN2 = 1 sccm
N1607120
ΦN2 = 1.6 sccm
N1607140
ΦN2 = 2.2 sccm
a) b) c)
Figure 7.16: Bird's-eye view (25 ◦ tilt angle) SEM images of samples grown with a)
ΦN2 = 1 sccm, b) ΦN2 = 1.6 sccm and c) ΦN2 = 2.2 sccm. Large (small) images correspond
to ﬁelds with p = 350 nm (p = 750 nm). Sample numbers are given in the images.
images were taken in the 350 nm pitch ﬁeld while the small images stem from the growth
ﬁeld with p = 750 nm. Selectivity was not achieved for a pitch of 750 nm but increasing
ΦN2 from 1 sccm to 2.2 sccm lead to a successive suppression of NW nucleation on the TiN
mask for a pitch of 350 nm. Samples N1607120 (In/Ga = 2.86, ﬁgure 7.16b)) and N1607060
(In/Ga = 0.93, ﬁgure 7.13d), section 7.3.1) were grown under nominally identical growth
conditions except the incident In/Ga ﬂux ratio. While a constant overall metal ﬂux was
used, sample N1607120 was grown with only half of the BEPGa that was used for sample
N1607060. The almost perfect selectivity achieved at p = 350nm in the case of the smaller
incident Ga ﬂux illustrates the previous assumption that the adsorbed Ga is the origin of
the NW nucleation on the TiN mask. The reduced adatom diﬀusion/desorption rate due to
the low substrate temperatures has, therefore, to be compensated by lowering the incident
Ga ﬂux. Consequently, a systematic variation of the In/Ga ﬂux ratio was performed and
its inﬂuence on the PCG of the InxGa1−xN/GaN NWHs is discussed in section 7.3.3
Photoluminescence spectroscopy
The µ-PL spectra (4K) recorded on samples grown with diﬀerent ΦN2 are depicted in
ﬁgure 7.17a). Increasing ΦN2 from 1 sccm to 2.2 sccm leads to the red shift of the InxGa1−xN
luminescence from 2.6 eV ([In]= 24%) to 2.45 eV ([In]= 28%). This is due to an enhanced
In incorporation at higher ΦN2 which was also discussed in chapter 6, section 6.1. Figure
7.17b) displays the dependence of the integrated PL intensity on ΦN2. The sample grown
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Figure 7.17: a) Micro-PL spectra recorded on samples N1607130 (red), N1607120 (green)
and N1607140 (blue). The spectra were normalized to the respective emission maxima and
are shifted along the ordinate. b) Integrated intensity of the non-normalized PL spectra
recorded on samples grown with diﬀerent ΦN2.
with ΦN2 = 1 sccm exhibits an emission intensity that is by a factor of 2 lower than that of
the other two samples due to the low In incorporation eﬃciency at lower ΦN2.
A nitrogen ﬂux of 2.2 sccm was, therefore, used for further growth experiments due to the
improved selectivity achieved for the InxGa1−xN growth at a pitch of 350 nm.
7.3.3 Inﬂuence of the metal ﬂux ratio
Three samples were grown at a ﬁxed substrate temperature (Theater = 565 ◦C) and nitrogen
ﬂux (ΦN2 = 2.2 sccm), only varying the incident metal ﬂuxes. The In/Ga ratio was varied
from 2.86 (BEPIn = 2× 10−7mbar, BEPGa = 7× 10−8mbar) to 6.86 (BEPIn = 2.4× 10−7mbar,
BEPGa = 3.5× 10−8mbar). Figure 7.18 displays the bird's-eye view SEM images of the
corresponding samples. Selectivity is achieved for all samples when a nanohole pitch of
350 nm is used. An improvement of the selectivity in the ﬁeld with p = 750nm was ob-
served with an increase of the In/Ga ratio as demonstrated by the small images displayed
in ﬁgure 7.18. Complete selectivity was, however, not achieved for a pitch of 750 nm at
the low Theater used for the growth of the InxGa1−xN. The diameter of the NW tip of the
samples shown in ﬁgure 7.18 decreases with decreasing BEPGa. For self-assembled samples
presented in chapter 6, section 6.1, a similar trend was observed for increasingly N-rich
growth conditions. Due to the low Ga desorption rate at the applied temperatures, the
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N1607140
In/Ga = 2.86
N1607150
In/Ga = 4
N1607160
In/Ga = 6.86
a) b) c)
Figure 7.18: SEM images of samples grown with a) In/Ga = 2.86 (BEPIn = 2×10−7mbar,
BEPGa = 7×10−8mbar), b) In/Ga = 4 (BEPIn = 2×10−7mbar, BEPGa = 5×10−8mbar)
and c) In/Ga = 6.86 (BEPIn = 2.4×10−7mbar, BEPGa = 3.5×10−8mbar). Large (small)
images were taken in a growth ﬁeld with a pitch of 350 nm (750 nm). All images were taken
under an incident angle of 25◦ and sample numbers are given in the images.
III/V ratio is mainly determined by the BEPGa and decreases with decreasing BEPGa
which leads to the observed decrease of the diameter of the InxGa1−xN NW tip.
Photoluminescence spectroscopy
The optical properties of the three samples displayed in ﬁgure 7.18 were investigated by
µ-PL spectroscopy at a temperature of 4K. Figure 7.19a) depicts the PL spectra recorded
on the samples grown with diﬀerent In/Ga ratios. A slight blue shift of the PL emission
band from 2.45 eV ([In]= 28%) to 2.51 eV ([In]= 27%) is observed when the In/Ga ratio
is increased from 2.86 to 4. Further increase of the In/Ga ratio to 6.86 is accompanied
by a red shift of the luminescence peak to 2.34 eV ([In]= 32%). Figure 7.19b) shows the
evolution of the integrated PL intensity with increasing In/Ga ﬂux ratio. An increase of
In/Ga from 2.86 to 6.86 leads to a decrease of the luminescence intensity by one order of
magnitude. Turski et al. reported that Ga and N2, both, have a stabilizing eﬀect on the
InN incorporated into the InxGa1−xN [129]. Hence, the absolute amount of incorporated In
is reduced with increasing In/Ga ratio when the total metal ﬂux is kept constant leading
to a strong reduction of the luminescence intensity. The maximum local In concentration,
however, directly scales with the In/Ga ratio as an increase of the local In content from
28% to 32% was observed with increasing In/Ga.
Conclusively, a low In/Ga ﬂux ratio should be chosen to maximize the luminescence inten-
sity in PCG InxGa1−xN NWs.
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Figure 7.19: a) Micro-PL spectra of samples grown with a In/Ga ratio of 2.86 (red), 4
(green) and 6.86 (blue) are plotted and vertically shifted. Figure b) displays the dependence
of the integrated PL intensity of the non-normalized spectra on the In/Ga ratio. A dashed
line was added to b) to guide the eye.
7.3.4 Conclusion
The PCG of InxGa1−xN/GaN NWHs was demonstrated. The substrate temperature has
only a limited inﬂuence on the selectivity of the growth process of the InxGa1−xN segment.
Mainly the In desorption rate is inﬂuenced by Theater while Ga adatom diﬀusion/desorption
is not signiﬁcantly aﬀected within the InxGa1−xN growth window. Reducing the Ga ﬂux
and thereby increasing the In/Ga ﬂux ratio leads to the desired selectivity of the InxGa1−xN
growth on the selectively grown GaN NW templates. Additionaly, the nitrogen ﬂux has
to be adjusted to further improve the selectivity. The results obtained here demonstrate
that the constraint of a selective growth of InxGa1−xN/GaN NWHs poses new challenges
to the applied PAMBE process. A major parameter dominating the properties of the selec-
tively grown InxGa1−xN could not be identiﬁed. The complex interplay between substrate
temperature, atom source operating parameters and metal ﬂuxes suggests the systematic
exploration of all these parameters resulting in a complex growth diagram.
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8 Summary
Gallium nitride nanowires were grown in a self-assembled PAMBE process on Si(111) and
have been used as templates for the subsequent growth of group III-nitride nanowire het-
erostructures. Additionally, the position-controlled growth of GaN nanowires was estab-
lished using a titanium nanohole mask on Si(111), structured by electron beam lithogra-
phy. These selectively grown GaN nanowires were used as templates for the growth of
InxGa1−xN.
Analysis of the inﬂuence of the atom source operating parameters on the structural and opti-
cal properties of self-assembled grown GaN and InxGa1−xN/GaN nanowire heterostructures
was conducted. Evaluation of the emission spectra of the used nitrogen discharge revealed
an increase (decrease) of the n(N)/n(N2) ratio with increasing forward power (nitrogen
ﬂux). The increase of both, the forward power and the nitrogen ﬂux, leads to the stabi-
lization of nanowire nuclei. Furthermore, the radial and axial growth rates increase with
increasing forward power and nitrogen ﬂux. However, inhomogeneous nanowire growth is
observed for high nitrogen ﬂuxes.
An increasing density of VN was proposed to be the origin of the observed degradation of
the optical properties with increasing forward power due to the ability of atomic nitrogen
to dissociates Ga-N bonds. An increase of the nitrogen ﬂux gave rise to an emission at
3.45 eV which substantiates the assignment of this emission to VGa at the NW surface.
Fortyfold AlN/GaN nanodisc superlattices were grown on self-assembled GaN NW tem-
plates. The recent discovery of the outstanding doping eﬃciency of Ge in GaN motivated
the investigation of the doping-induced electrostatic screening of the internal electric ﬁelds
in these nanodisc superlattices. Signiﬁcant screening of these electric ﬁelds was achieved
using Ge concentrations in the range of 1020 cm−3, reducing the photoluminescence decay
times by two orders of magnitude due to an increased electron and hole wavefunction over-
lap. In addition, the nanodisc emission energy was blue shifted by several hundred meV
due to a reduced quantum-conﬁned Stark eﬀect.
A second approach to reduce the electric ﬁelds in undoped AlN/GaN nanodisc superlat-
tices was followed by reducing the AlN barrier thickness. The latter brings the oppositely
charged interfaces of the barrier closer together, shifting the potential drop more into the
barriers. Consequently, a strong reduction (increase) of the luminescence decay time (emis-
sion energy) was observed for a decreasing barrier thickness at a constant ND thickness.
The inﬂuence of the atom source operating parameters on the structural and optical prop-
erties of InxGa1−xN/GaN nanowire heterostructures was also analyzed. All samples were
subject to an inhomogeneous In incorporation due to the formation of In-rich regions.
121
8 Summary
Increasing the nitrogen ﬂux leads to a stabilization of In-N bonds due to the increased
nitrogen partial pressure, as theoretically predicted, which results in a signiﬁcant increase
of the local In content. An increase of the forward power, on the other hand, does not aﬀect
the In incorporation but signiﬁcantly increases the density of non-radiative recombination
centers in the InxGa1−xN, reﬂected by a strong decrease of the photoluminescence intensity
as well as the luminescence decay time. The increasing probability of the formation of
VN due to an enhanced decomposition reaction at higher densities of atomic nitrogen was
proposed to be the origin of the increasing non-radiative recombination rate.
Tenfold InxGa1−xN/GaN nanodisc superlattices were fabricated to study quantum conﬁne-
ment eﬀects in the InxGa1−xN nanodiscs. A strong interplay between the localized states
due to compositional ﬂuctuations and the quantum mechanical states due to the axial
dimension of the nanodiscs was observed. Additionally, time-resolved photoluminescence
revealed a negligible inﬂuence of internal electric ﬁelds on the luminescence properties of
the present samples.
A position-controlled growth process for the selective growth of GaN nanowires was de-
veloped. Nanohole diameters down to 70 nm were realized by a process based on electron
beam lithography transferring a hexagonal nanohole pattern to thin Ti layers. Selectivity
of the growth was achieved for Ti mask thicknesses below 4 nm. Diameters below 100 nm
were realized for nanowires up to a length of approximately 1.5µm. Pitches up to 10µm
were demonstrated enabling the µ-PL analysis of single as grown nanowires. The growth
of InxGa1−xN on top of position-controlled growth GaN NW templates was studied as a
function of the substrate temperature as well as in dependence of the metal and nitrogen
ﬂuxes. The strong interplay between those parameters was demonstrated and conditions
for the selective growth of InxGa1−xN were established.
Finally, the presented results yield a comprehensive understanding of the PAMBE growth of
self-assembled and position-controlled GaN nanowire templates and the subsequent fabrica-
tion of group III-nitride nanowire heterostructures. Hence, this work will help to improve
the quality of nanowire based (nano)-opto-electronic devices based on the technological
relevant group III-nitride material system.
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A.1 Eﬀusion cell calibrations
Figure A.1 displays BEP calibration curves of all eﬀusion cells used in the presented
experiments.
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Figure A.1: BEP calibration curves of all cells that were used during the growth experi-
ments.
Symbols represent measurement data and lines correspond to exponential ﬁts. The resulting
activation energies for the evaporation of the source material are given in the graph.
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A.2 Patterning of Ti nanohole masks
The following recipe was used to fabricate Ti nanohole masks on Si(111)1:
1. Ultrasonication assisted cleansing of the substrate in aceton2 (60 s).
2. Rinsing of the substrate in 2-Propanol2, dry blowing with nitrogen.
3. Etching in hydroﬂuoric acid (10%)2 and subsequent rinsing in Millipore water.
4. Coating of the substrate with the primer HMDS 3 in a clean room environment ISO
class 6 within 15min after etching.
 The dehydration bake is omitted to prevent oxidation of the Si(111) surface.
 Excess primer solution was removed after 30 s of reaction time by putting the
substrate on a spin coater operated at 3000 rpm for 4 s.
5. Baking of the primer layer on a hot plate for 60 s at 100◦C.
6. Spin coating of the primed substrate with the negative resist ma-N 2401 3 for 40 s at
2000 rpm (nominal layer thickness of 110 nm).
7. Baking of the coated substrate on a hot plate for 90 s at 90◦C.
8. Transfer of the sample into the SEM specimen chamber for the EBL process which
was carried out using an acceleration voltage of 20 kV (15 kV for areas larger than
1× 1mm2), an exposure dose of 200µC/cm2 and a beam current of 80 pA.
9. Development of the patterned resist in the developer solution ma-D 331 3 for a time
of 18 s.
10. Rinsing in demineralized water for 15 s and dry blowing with N2.
11. The Ti layer was evaporated onto the patterned substrate using electron beam evap-
oration at a background pressure of 5×10−6mbar. A slow deposition rate of 0.1 nm/s
was used.
12. Finally, an ultrasonication assisted lift-oﬀ process in aceton was used to remove the
remaining resist and ﬁnish the processing of the nanohole masks.
1Supplier: Silicon Materials Inc.
2Supplier: AppliChem GmbH
3Supplier: micro resist technology GmbH
124
A.3 List of samples
A.3 List of samples
Table A.1 lists all NW samples that were used/grown during this work. The sample name
Sample Material Sample Material Sample Material
N1204250 GaN:Ge N1404252 InGaN/GaN N1602040 PCG GaN
N1204260 GaN:Ge N1405050 InGaN/GaN N1602080 PCG GaN
N1204270 GaN N1405053 InGaN/GaN N1602150 AlN/GaN NDs
N1303040 AlN/GaN NDs N1405082 InGaN/GaN N1602240 PCG GaN
N1303043 AlN/GaN NDs N1405083 InGaN/GaN N1602250 AlN/GaN NDs
N1303060 AlN/GaN:Ge NDs N1405120 InGaN/GaN N1602290 AlN/GaN NDs
N1303063 AlN/GaN:Ge NDs N1405121 InGaN/GaN N1603020 AlN/GaN NDs
N1303070 AlN/GaN:Ge NDs N1405160 InGaN/GaN N1603230 AlN/GaN NDs
N1303073 AlN/GaN:Ge NDs N1405163 InGaN/GaN N1604140 PCG GaN
N1303080 AlN/GaN:Ge NDs N1405193 InGaN/GaN N1604220 PCG GaN
N1303083 AlN/GaN:Ge NDs N1405230 InGaN/GaN N1604224 PCG GaN
N1303190 InGaN/GaN N1405232 InGaN/GaN N1604270 PCG GaN
N1304110 GaN N1405233 InGaN/GaN N1604290 InGaN/GaN
N1304120 GaN N1407230 GaN N1605024 PCG GaN
N1304150 GaN N1407240 GaN N1605040 InGaN/GaN NDs
N1304153 GaN N1407280 GaN N1605050 InGaN/GaN NDs
N1304160 GaN N1407290 GaN N1605060 InGaN/GaN NDs
N1307263 AlN/GaN NDs N1407310 GaN N1605090 InGaN/GaN NDs
N1307290 AlN/GaN NDs N1408060 GaN N1605114 PCG GaN
N1307303 AlN/GaN NDs N1408120 GaN N1605230 InGaN/GaN NDs
N1307313 AlN/GaN NDs N1408130 GaN N1606230 GaN
N1308013 AlN/GaN NDs N1408150 GaN N1606270 PCG InGaN/GaN
N1308020 AlN/GaN:Ge NDs N1408180 GaN N1607020 PCG InGaN/GaN
N1308023 AlN/GaN:Ge NDs N1408190 GaN N1607040 PCG InGaN/GaN
N1308053 AlN/GaN:Ge NDs N1408200 GaN N1607060 PCG InGaN/GaN
N1308063 AlN/GaN:Ge NDs N1409120 InGaN/GaN N1607080 AlN/GaN NDs
N1308160 AlN/GaN NDs N1409123 InGaN/GaN N1607120 PCG InGaN/GaN
N1308210 AlN/GaN:Ge NDs N1502201 InGaN/GaN N1607130 PCG InGaN/GaN
N1308213 AlN/GaN:Ge NDs N1510193 GaN N1607140 PCG InGaN/GaN
N1308220 AlN/GaN:Ge NDs N1510203 GaN N1607150 PCG InGaN/GaN
N1308223 AlN/GaN:Ge NDs N1510213 GaN N1607160 PCG InGaN/GaN
N1312113 AlN/GaN NDs N1511030 GaN N1607191 AlN/GaN NDs
N1312123 AlN/GaN NDs N1511040 GaN N1607200 PCG InGaN/GaN
N1312130 AlN/GaN:Ge NDs N1601070 PCG GaN N1607201 InGaN/GaN
N1404250 InGaN/GaN N1601180 PCG GaN N1607210 AlN/GaN NDs
N1404251 InGaN/GaN N1601280 PCG GaN
Table A.1: List of all samples discussed in this work. The sample name is listed together
with the material used for the NWs.
125
Appendix
containing the date of growth is given together with the material that was used. Table A.2
lists all substrates that were used for the PCG of (InxGa1−xN/)GaN.
PCG substrates
SiMat03-057 SiMat03-073 SiMat03-102 SiMat03-111 SiMat03-119 SiMat03-129
SiMat03-067 SiMat03-075 SiMat03-103 SiMat03-118 SiMat03-123 SiMat03-130
SiMat03-070 SiMat03-083 SiMat03-108 SiMat03-121 SiMat03-124 SiMat03-136
SiMat03-061 SiMat03-099 SiMat03-109 SiMat03-122 SiMat03-128
Table A.2: List of the substrates that were used for the PCG growth of (InxGa1−xN/)GaN
NWs.
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The NWH simulated according to Input A (cf. chapter 5, section 5.3) consisted of a 50 nm
GaN base (20 nm radius, 5 nm AlN shell) followed by nine GaN NDs (4 nm) embedded
in AlN (4 nm) barriers. The whole structure was capped with 22 nm of GaN [115]. For
Input B (cf. chapter 5, section 5.3), the AlN/GaN NWH is composed of a 20x AlN/GaN
NDSLs with constant dND = 4nm using diﬀerent sets of dbarrier. The GaN base (17 nm
radius) and the cap of the NDSL were simulated with a length of 15 nm, respectively. A
lateral growth (rlateral/raxial) of 5% was assumed for the AlN shell leading to a diameter
increase of consecutive NDs along the NDSL. Input A and Input B were surrounded by air
to allow elastic deformation of the lateral surfaces ot minimize strain. The nextnano3 input
parameters used to calculate the bandproﬁles shown in chapter 5, section 5.3 are listed in
table A.3 (Input A) and table A.4 (Input B).
Parameters GaN AlN
Lattice parameters [Å]
a 3.1892 3.112
c 5.185 4.982
Spontaneous polarization [C/m2] -0.029 -0.81
Piezoelectric polarization [C/m2]
e31 -0.49 -0.6
e33 0.73 1.46
Elastic constants [GPa]
C11 390 396
C12 145 140
C13 106 108
C33 398 373
Deformation potentials [eV]
a1 -4.6 -4.5
a2 -4.6 -4.5
D1 -1.7 -2.89
D2 6.3 4.89
D3 8 7.78
D4 -4 -3.89
D5 -4 -3.34
D6 -5.66 -3.94
Table A.3: Material parameters listed in [158] used to calculate the band proﬁles according
to Input A.
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Parameters GaN AlN
Lattice parameters [Å]
a 3.189 3.112
c 5.185 4.982
Spontaneous polarization [C/m2] -0.034 -0.09
Piezoelectric polarization [C/m2]
e31 [159] -0.35 -0.5
e33 [159] 1.27 1.79
e15 [36] -0.3 -0.48
Elastic constants [GPa]
C11 390 396
C12 145 137
C13 106 108
C33 398 373
Deformation potentials [eV]
a1 -4.9 -3.4
a2 -11.3 -11.8
D1 -3.7 -17.1
D2 4.5 7.9
D3 8.2 8.8
D4 -4.1 -3.9
D5 -4 -3.4
D6 -5.1 -3.4
Table A.4: Material parameters used to calculate the band proﬁles according to Input B. If
not otherwise noted, the parameters were taken from Ref. [18].
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